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Constraining the Oxygen Values of the Late Cretaceous
Western Interior Seaway Using Marine Bivalves
By
Camille Honoré Dwyer
B.A., Geosciences, Smith College, 2014
M.S., Earth and Planetary Sciences, University of New Mexico, 2019

ABSTRACT

The Western Interior Seaway (WIS) remains an oceanographic enigma, including its
circulation, similarity to the open ocean, and the fidelity of geochemical proxies to
reconstruct paleoenvironments. Across the late Campanian and early Maastrichtian I test
whether: 1) the WIS had unique δ18OVPDB compared to other marine settings, 2) increasing
oceanographic restriction changed the stable isotope composition, and 3) biases, e.g.,
taxonomy or diagenesis, influenced stable isotope compositions. Results indicate distinct
δ18OVPDB in the WIS compared to other marine settings. δ18OVPDB values were stable through
time, suggesting insignificant oceanographic restriction and a maintained open-ocean
connection despite marine regression. The spread of δ18OVPDB values suggests that mixing of
multiple isotopically distinct water bodies in combination with changing evaporation regimes
may strongly influence ocean chemistry. Therefore, interpretation of δ18OVPDB in WIS
carbonates as a paleotemperature proxy should be done cautiously and the isotopic
composition of mixing water bodies must be considered.
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1. Introduction
Shallow epicontinental seaways are disproportionally represented in the rock
record by the preservation of carbonate rocks from flooded continental margins –
particularly in the Paleozoic and early Mesozoic given the rarity of oceanic crust
preserved in deep time (Panchuk et al., 2006). Shallow marine environments also harbor
the largest diversity and abundance of marine life (Prothero and Schwab, 1999).
Consequently, these settings are frequently used to reconstruct paleoenvironments (e.g.,
paleotemperature) via stable isotope analysis of their carbonate-producing fauna.
The Late Cretaceous North American Western Interior Seaway (WIS) was an
epicontinental marine system that connected the southern Tethys Sea, or proto-Gulf of
Mexico, to the northern Boreal Sea from the late Aptian (~113 Ma) to late Maastrichtian
(~65 Ma) (Kauffman, 1984; Cobban et al., 1994). The late Campanian (~75.2 – ~72.1
Ma) Bearpaw transgression was the last peak sea level rise in the WIS, imparting
potentially “normal marine” conditions as a result of a broad connection to the Tethys
and Boreal seas (Kauffman, 1984; Cobban et al., 1994; He et al., 2005). During the late
Maastrichtian (~70 Ma to ~65 Ma), the Western Interior Basin experienced significant
uplift associated with the Laramide orogeny and this, in combination with eustatic sea
level fall, resulted in fragmentation and eventual draining of the WIS (Miall et al., 2008).
Regression began in the late Campanian and presumably increased restriction of both
northern and southern open-ocean connections (Kauffman, 1984; Cobban et al., 1994).
Reduced open-ocean input, significant evaporation, and/or increased freshwater input
(from e.g., precipitation, surface runoff, groundwater infiltration), may have significantly
modified the stable isotope composition of the WIS during this period (Hay et al., 1993;
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Fisher et al., 1994; Slingerland et al., 1994; Jewell, 1996; Cochran et al., 2003; He et al.,
2005; Fricke et al., 2010; Dennis et al., 2013; Petersen et al., 2016).
In concert, these factors may cause unique and/or fluctuating stable isotope
compositions of WIS seawater (δ18OSMOW); this potentially complicates the use of
carbonate stable isotope analyses to reconstruct paleoenvironmental proxies like
temperature. Since the water composition of the WIS cannot be directly measured,
previous researchers have inferred that the WIS had a similar isotopic composition to the
Late Cretaceous open-ocean based on temperature estimates from geochemical analyses
of carbonate shells (δ18OVPDB or δ18O) and the assumption of normal marine salinity
(Tourtelot and Rye, 1969; Tsujita and Westermann, 1998; He et al., 2005). Others have
argued that the WIS had a lower δ18OSMOW value compared to the open-ocean due to the
low δ18OSMOW values measured in freshwater bivalves that inhabited rivers and ponds
near the WIS; these data suggest that the WIS was more brackish than fully marine
(Wright, 1987; Cochran et al., 2003; Fricke et al., 2010). The source of freshwater into
the WIS has been disputed. Whereas Cochran et al. (2003) reference an underground
aquifer, Fricke et al. (2010) and Petersen et al. (2016) allude to river runoff sourcing from
high elevation precipitation regions, as the primary source of freshwater input. More
recently, researchers have used carbonate clumped isotopes (∆47) to back calculate the
δ18OSMOW in the WIS, but there has been substantial disagreement between the oxygen
composition of water, temperature, salinity, and connection to the open-ocean founded on
these analyses (Dennis et al., 2013; Petersen et al., 2016).
Since the water composition of the WIS cannot be easily resolved, it becomes
important to compare the WIS to other marine environments to discern whether it had

2

unique ocean chemistry compared to the open-ocean and other epicontinental seaways.
Consequently, the first goal of this study is to examine if and how the WIS had
fundamentally different ocean chemistry than coeval open-ocean and non-restricted
epicontinental settings. Hypothesis 1: δ18O measured in carbonate mollusks from the
WIS was lower than non-restricted epicontinental seas and the open-ocean from the
same time periods (Kauffman, 1984; Cochran et al., 2003; Fricke et al., 2010; Petersen
et al., 2016). I expect similar stable isotope compositions between the open-ocean and
non-restricted epicontinental seaways given their broad connections to each other.
However, the combined effect of open-ocean restriction, evaporation, and precipitation
should conspire to modify δ18O (Kauffman et al., 1996; Landman et al., 2012); in such a
setting δ13C would not be modified because δ13C values are a global signal due to the
opening of the Equatorial Atlantic Gateway in the Late Cretaceous (Friedrich et al.,
2012).
My second goal is to determine if there is a difference in the δ18O of carbonate
shells from the late Campanian (~75.2 – ~72.1 Ma) transgression to the regressing,
increasingly restricted WIS in the early Maastrichtian (~72.1 – ~69.0 Ma). If the WIS
was cut off from the open-ocean in the lower Maastrichtian and the amount of freshwater
runoff remained the same, δ18O values of carbonate shells from the WIS would be lower
than δ18O values of carbonate shells in the upper Campanian when the WIS was
connected to the open-ocean (Slingerland et al., 1994; Fricke et al., 2010; Coulson et al.,
2011) Hypothesis 2: the lower Maastrichtian WIS had lower δ18O values than the
upper Campanian WIS as a result of regression-induced open-ocean restriction.
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Regional WIS regression should not influence globally-derived δ13C and therefore is not
treated here (Friedrich et al., 2012).
The final goal is to understand how primary and diagenetic factors might
influence the oxygen and carbon isotope compositions (δ18O and δ13C) of mollusks used
to infer paleoenvironmental conditions. I focused on a specific set of five additional
factors with prior support for influencing geochemical data:
1. Mineralogy: Biogenic aragonite is 18O-enriched by 0.37 + 0.65‰ relative to coexisting biogenic calcite (Lécuyer et al., 2012). Due to this difference between
biogenic aragonite and calcite, aragonite has 0.4‰ lower δ18O values than calcite
in acid fractionation factors (Kim et al., 2007; Lécuyer et al., 2012). Biogenic
aragonite is 13C-enriched by 0.95 + 0.81‰ relative to co-existing biogenic calcite
(Lécuyer et al., 2012). Thus, there should be a difference in δ13C and δ18O values
between calcite and aragonite.
2. Higher Taxa: If the δ18O and δ13C values were significantly different between
taxa, this would mean that there are vital effects among taxa. The epifaunal
bivalve, Inoceramus, has been inferred to have vital effects since they often
record lower δ18O and higher δ18O compared to cephalopods (Tourtelot and Rye,
1969; Wright, 1987; Landman et al., 2012; Walliser et al., 2019). Another
explanation for this pattern is that inoceramids are chemosymbiotic (MacLeod
and Hoppe, 1992). This is discussed in more detail in Section 2.3 below. It has
also been suggested cephalopods demonstrate a vital effect in δ13C, but not δ18O
(Moriya, 2015; Immenhauser et al., 2016). The explanation for this is that their
shell reflects the correct δ18O values for habitat depth while their fluctuation in
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δ13C values are due to metabolic activity (Tobin and Ward, 2015; Immenhauser et
al., 2016 and references within).
3. General Habitat: Benthic organisms will have higher δ18O and lower δ13C values
than nektobenthic and pelagic fauna due to the depth profile of δ18O and δ13C
caused by the biological pump (Broecker, 1982a, 1982b; Shackleton et al., 1983;
Hain et al., 2014). Benthic organisms are inferred to have higher δ18O values
because the temperature is lower at the bottom of the seafloor and lower δ13C
values due to 12C-rich carbon at the deeper parts of the ocean.
4. Paleolatitude: In modern oceans, the average δ18OSMOW value of seawater is 0‰.
However, at high latitudes δ18O is lower due to isotopically 13C depleted water
and at mid to low latitudes δ18O is higher and closer to 0‰ due to evaporation
(Schmidt et al., 1999). The hypothesized average of δ18OSMOW in the Late
Cretaceous is -1‰ due to hypothesized ice-free poles (Shackleton and Kennett,
1976). Similar to today, there should be a latitudinal gradient in δ18OSMOW during
the Late Cretaceous, however, the gradient was likely dampened as a result of the
Late Cretaceous Greenhouse climate (Huber et al., 1995). Paleolatitude should not
be influence by globally-derived δ13C and therefore is not treated here (Friedrich
et al., 2012).
5. Diagenesis: Meteoric waters shift the primary δ18O and δ13C values lower(Brand
and Veizer, 1981). The Scanning Electron Microscope Preservation Index (SEM
PI) is a qualitative ranking system that standardizes the potential effects of
diagenesis based on the degree of aragonitic preservation in specimens. A poorly
preserved (PI=1) aragonitic specimen has been found to have lower δ18O and δ13C
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values than a sample with excellent preservation (PI=5) (Cochran et al., 2010;
Knoll et al., 2016).
Based on these data, Hypothesis 3: measured stable isotope compositions of
carefully selected “well-preserved specimens” are not biased by diagenetic and other
factors at this time.
To test these three hypotheses, I measured the δ18O and δ13C stable isotopic
compositions of mollusks from a broad geographic range in the WIS, and compiled δ18O
and δ13C measurements from published literature sources inside and outside of the WIS
from the late Campanian to early Maastrichtian. Multiple linear regression models were
used to quantitatively test each of the hypotheses described above. This study therefore,
contributes to a broad understanding how water body dynamics through space and time
influence the interpretation of geochemical records in epicontinental seaways, their utility
in reconstructing paleoenvironmental proxies in deep time, and implications for testing
patterns of biodiversity and macroevolution.
2. Background
2.1 WIS oceanographic conditions
The Late Cretaceous occurred during a Greenhouse climate with warm
temperatures even at polar latitudes (Ogg et al., 2012 and references within). Within this
regime, global warming and cooling trends were observed, with the peak warm period at
the Cenomanian-Turonian boundary and gradual cooling from the Turonian (~94 Ma –
~89 Ma) through late Maastrichtian and into the Cenozoic (Ogg et al., 2012 and
references within). The Western Interior Basin was a foreland basin resulting from
continental flexure associated with the subduction of the Farralon Plate under North
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America. It extended longitiudally from modern-day Canada to the Gulf of Mexico and
latitidunally from present-day Utah to the Great Plains. The basin became flooded as a
result of high eustatic sea levels (at least 300 m above modern); shallow subduction of
the Farralon Plate, however, prevented the WIS from achieving depths greater than about
100 m (Miall et al., 2008; Miall and Catuneanu, 2019). A longitudinal transect reveals a
clastic sediment-dominated western shoreline and foredeep composed of carbonates and
shales;,the eastern margin (backbulge) gradually shallowed and was composed of a
mixture of carbonate and clastic sediments (Kauffman, 1984; Miall et al., 2008; Miall and
Catuneanu, 2019).
Temperature, salinity, stratification, and ocean circulation continue to be debated
in the WIS. Kauffman (1984) provided an early hypothesis that constriction at the
northern and especially southern entries into the WIS allowed normal marine circulation,
salinity, and warmer waters in the WIS only during periods of peak transgression. In
contrast, regressions resulted in highly restricted circulation dominated by cold, less
saline waters from the northern Boreal Sea, with a potentially stratified water column
composed of a freshwater or brackish cap and normal marine salinity conditions towards
the bottom (Kauffman, 1984). Similarly, (Wright, 1987) posited a predominately
stratified WIS, but with warm, saline bottom waters, an intermediate normal salinity layer
corresponding to the Tethys Sea open-ocean, and a reduced saline top layer produced by
continental freshwater runoff. As opposed to contribution from a less saline Boreal Sea,
WIS stratification has also been attributed to freshwater input via enhanced precipitation
from seasonal monsoons (Fricke et al., 2010) and/or high elevation river runoff (Petersen
et al., 2016). Yet another hypothesis postulates that the WIS was not stratified and
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maintained a strong connection to open marine settings, but the geographically localized
brackish water environments were created by the mixing of freshwater and seawater from
a near shore groundwater system and not from river runoff (Cochran et al., 2003; Dennis
et al., 2013).
Substantial debate also surrounds WIS ocean circulation patterns. (Slingerland et
al., 1994) argued for a northern counterclockwise gyre caused by river runoff from the
eastern WIS exiting to the northern Boreal Sea and river runoff from the western WIS
exiting to the southern Tethys Sea using atmospheric general circulation models.
Alternatively, (Jewell, 1996) hypothesizes that the central location of the largest volume
of freshwater in the WIS is the result of a subtropical gyre and not due to river runoff.
These hypotheses demonstrate disagreements about the amount of seawater input from
the northern Boreal Sea and southern Tethys Sea, the amount of freshwater input from
precipitation, runoff, and/or aquifers, and the resulting patterns of stratification and water
circulation, which impact ocean chemistry in the WIS through time.
2.2 Previous stable isotope measurements in the WIS
Five processes potentially influenced the δ18OSMOW value in the WIS through
time: 1) evaporation, 2) water contribution from the northern Boreal sea, 3) water
contribution from the southern Tethys sea, 4) water contribution from groundwater, and
5) water contribution from surface water (i.e., precipitation and/or river runoff). Whereas
evaporation and the cooler, less saline, northern Boreal Sea would result in a heavier
δ18OSMOW value, the warmer, more saline, southern Tethys and freshwater sources would
result in a lighter δ18OSMOW value (Fisher et al., 1994; Slingerland et al., 1994). If these
processes/water bodies altered the oxygen isotope ratio of the WIS, this would be
recorded in the oxygen isotope composition of carbonate shells formed in equilibrium
8

with these waters (Urey et al., 1951; Epstein et al., 1953; Fisher and Arthur, 2002;
Petersen et al., 2016).
Cochran et al. (2003) suggest that freshwater input from underground aquifers
could substantially alter the oxygen isotope composition of the WIS. δ18O values and
87

Sr/86Sr ratios (a paleosalinity indicator) decrease from marine to brackish environments.

In this study, freshwater river bivalves, Unionoida, had the lowest δ18O values, but their
87

Sr/86Sr ratios spanned the entire range of marine fauna; since Unionoida did not have

the lowest 87Sr/86Sr ratio, it was concluded that rivers were not a dominant freshwater
input into the seaway. This was supported by isotopic mixing models of an initially
brackish WIS mixed with rivers (δ18OSMOW of ~ -17‰ from Unionoida bivalves) that
indicated δ18OSMOW values ~ -8‰ for the WIS; translated into paleotemperatures, these
results predicted unreasonably cold marine conditions Based on 87Sr/86Sr in combination
with δ18O measurements, Cochran et al. (2003) instead conclude that the nearshore WIS
may have had δ18OSMOW value of ~ -3.5‰ from the mixing of coastal aquifers, brackish
water seepage, and marine environments.
Another hypothesis suggests that WIS seawater was depleted in 18O due to
freshwater input from the western Sevier highlands (Wright, 1987; Petersen et al., 2016).
Fricke et al. (2010) measured Campanian Unionoida freshwater bivalves and paleosols
from settings interpreted as recharged basin ponds, lakes, small streams, soil waters
(δ18OSMOW ~ -8‰) and large ‘trunk’ river systems (δ18OSMOW ~ -16.5‰) in the Sevier
highlands located in the western portion of the basin. (Petersen et al., 2016)
Carbonate clumped isotope geochemistry (Δ47; Ghosh et al., 2006; Eiler, 2007),
has provided a newer method to estimate δ18OSMOW in the WIS. Before Δ47, in order to
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interpret measured δ18O of carbonate shells as paleotemperatures estimates, a value of
δ18OSMOW had to be assumed (Urey et al., 1951; Epstein et al., 1953; Grossman and Ku,
1986). For the Late Cretaceous, δ18OSMOW was assumed to be -1‰ given the hypotheses
of ice-free oceans in the Greenhouse climate regime (Shackleton and Kennett, 1976). The
benefit of the carbonate clumped isotope paleothermometer is the ability to calculate the
oxygen composition of the seawater and use this unique value to estimate the
temperature, thus removing the need for an δ18OSMOW assumption (Eiler, 2011).
Interestingly, the two previous studies using Δ47 in the WIS obtained different
estimates of its oxygen isotope composition. Dennis et al. (2013) measured ammonites
and bivalves from inferred marine, brackish, and freshwater environments. During the
late Campanian Baculites compressus zone (~73.5 Ma), they found that the offshore WIS
had an average δ18OSMOW of -1.2 + 0.2‰, close to the presumed open-ocean δ18OSMOW
value of -1‰ at the time (Shackleton and Kennett, 1976). In the late Maastrichtian
Hoploscaphites nebrascensis zone (~67 Ma), the offshore WIS δ18OSMOW value was
estimated at -0.4 + 1.3‰, and the open-ocean Atlantic Coastal Plain had a δ18OSMOW
value estimated at -0.3+ 0.2‰ (Dennis et al., 2013). Thus, Dennis et al. (2013) concluded
that the WIS was connected to the open-ocean in the late Campanian through late
Maastrichtian.
Petersen et al. (2016) also measured the Δ47 of freshwater and marine bivalves
throughout the late Campanian to late Maastrichtian. Whereas deep marine measurements
of δ18OSMOW ranged from -4‰ to -1‰, shallow marine δ18OSMOW measurements ranged
from -8‰ to -2‰. The lower δ18OSMOW values observed were interpreted as a reduction
in seawater salinity, supporting that the WIS had lost its connection to the open-ocean,
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and that previous paleotemperature reconstructions were biased by the mixing of water
bodies with differing δ18OSMOW values (Petersen et al., 2016).
2.3 Stable isotopic variation between inoceramids and other mollusks
Bivalves in the family Inoceramidae have a particularly enigmatic past in
paleobiological and geochemical research. As a clade with no modern analogues,
reconstructions of their physiology and ecology have been a challenge (e.g., MacLeod
and Hoppe, 1992; Ifrim, 2017). However, inoceramids are also ubiquitous in the Late
Cretaceous fossil record, and so are a desired target for both paleobiological and
paleoenvironmental reconstructions.
From a geochemical perspective, inoceramids are ideal sampling candidates
because they are composed of an outer calcite and inner aragonite layer of shell.
Typically outer calcite layer is not preserved except as disaggregated calcite prisms,
however, the inner aragonitic layer is often preserved relatively intact (He et al., 2005).
These fragments of prismatic calcitic shell can be measured for stable isotopic analysis,
however, the presence of the aragonite, suggests that the shell has experienced less
alteration and is more likely to preserved primary δ18O and δ13C values (Carpenter et al.,
1988).
The first study to measure stable isotopes in calcitc and aragonitic inoceramid
shells found δ18O values ranging from -6‰ to -1‰, compared to coeval baculites and
other cephalopods which ranged from -4‰ to 0‰ (Tourtelot and Rye, 1969). At face
value, this relationship suggests that the bottom waters were either warmer or less saline
than the surface waters, an improbable reverse sea gradient given the physics of water
masses (Tourtelot and Rye, 1969). Consequently, it was suggested that inoceramids
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fractionated oxygen isotopes during shell secretion – i.e., did not grow in isotopic
equilibrium with seawater due to a “vital effect” (Lowenstam and Epstein, 1954; Keith
and Weber, 1965). Vital effects have been observed in other bivalves, for example,
Ostrea (Urey et al., 1951; Tourtelot and Rye, 1969; Lécuyer et al., 2012).
Wright (1987) measured the δ18O and δ13C values of aragonitic nektonic
ammonites, epifaunal bivalves, and infaunal bivalves from the same horizon in the
Baculites baculus zone (~71 Ma) of the Pierre Shale in Glendive, Montana. Nektonic
ammonites recorded intermediate δ18O (-4‰ to 0‰) and the lowest δ13C (-6‰ to 0‰)
values; epifaunal bivalves had the lowest δ18O (-6‰ to -2‰) and highest δ13C (0‰ to
+5‰) values; infaunal bivalves had the highest δ18O (-2‰ to +1‰) and intermediate
δ13C (-2‰ to +2‰) values (Wright, 1987). These measurements were in agreement with
Tourtelot and Rye (1969), but Wright (1987) deduced that the oxygen and carbon isotope
ratios of mollusks reflected the original environmental conditions of a stratified WIS
composed of a reduced salinity freshwater cap, an intermediate normal marine salinity
layer, and a warmer, denser, saltier benthos.
Landman et al. (2012) measured the stable isotope compositions of aragonite from
inoceramids and other mollusks (e.g., ammonites and lucinids) from the Didymoceras
cheyennense zone of the Pierre Shale all from the same locality in Custer County, South
Dakota. Nektobenthic ammonite δ18O values ranged from −4.40‰ to −0.52‰, infaunal
lucinids ranged from −1.85‰ to −1.12‰, and epifaunal inoceramids ranged from
−5.69‰ to −3.10‰. Given that inoceramids had the lightest measured δ18O values, the
authors concluded that they exhibited a vital effect, even though these values
substantially overlapped those from nektobenthic ammonites (Landman et al., 2012). A
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more recent investigation of molluscan sclerochronology in the late Campanian of Japan
further supported that inoceramid stable isotope measurements overlap with other taxa
from the same location (Walliser et al., 2019). Here again, aragonitic inoceramid shells
had the lightest δ18O values of all the taxa measured, but some overlap was observed
with nektobenthic fauna; in contrast, a fully preserved calcitic inoceramid shell showed
lower δ18O values than all other fauna (Walliser et al., 2019). Based on studies like these,
the Inoceramidae have been deemed inappropriate for paleotemperature interpretations.
However, the vital effect debate in inoceramids is far from concluded. Lighter
δ18O values have been legitimately observed (-10‰ to -5‰) in fragments of inoceramid
calcite prisms in the Cenomanian WIS (Fisher and Arthur, 2002). Nevertheless,
Inoceramus samples collected from calcitic prisms preserved in deep-sea cores were
found to have δ18O values (-2.6% to +1.1%) estimated to be in equilibrium with
formation waters (Saltzman and Barron, 1982). Numerous other studies question the
existence of an inoceramid vital effect because metabolic and kinetic fractionation should
cause decreases in measurements of both δ18O and δ13C. In contrast, inoceramids often
record lighter δ18O and heavier δ13C (He et al., 2005). Another explanation for this
pattern is that inoceramids are chemosymbiotic (MacLeod and Hoppe, 1992). However, it
has been suggested that high δ13C values are not proof of chemosymbionts, and
chemosymbiosis should not affect δ18O values (Grossman et al., 1993).
Characterization of potential vital effects is not the focus of this study, however,
inoceramid bivalves were measured for stable isotopic compositions. This has allowed a
comparison of these taxa with measurements of other mollusks from the same locations
and horizons, as well as with the broader compilation of both WIS and global oxygen and
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carbon isotope compositions. Consequently, although these analyses do not solve the
puzzle of inoceramid shell geochemistry, they lend additional data to potentially inform
this ongoing debate.
3. Methods
3.1 Sampling
Visually well preserved mollusk specimens that were analyzed for stable isotope
compositions and diagenesis were obtained through fieldwork in South Dakota and
several national museum invertebrate paleontology collections: American Museum of
Natural History (AMNH), New Mexico Museum of Natural History and Science
(NMMNH), University of New Mexico (UNM), United States Geological Survey
(USGS) Cobban Collection, USGS Smithsonian Mesozoic, and University of Colorado
Boulder Museum of Natural History. Metadata collected from each sample included:
locality, geologic stage, taxonomic genus, general habitat, geologic formation,
mineralogy, and average paleolatitude (Appendix A).
Sample localities were georeferenced mainly at the resolution of 1 mile x 1 mile
township, range, and section; in a few cases the county level was used. Georeferencing
was performed using the GEOLocate (Rios and Bart, 2010) or Earth Point (Clark, 2019)
software (Table 1). Previous investigations focused on detailed regional collecting, while
this analysis aimed to systematically increase the geographic range of δ18O values in the
WIS in the late Campanian and early Maastrichtian. Samples acquired through fieldwork
and borrowed from the institutions listed above added 19 new localities of late
Campanian and nine new localities of early Maastrichtian marine bivalve data (Figure 1).
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Sites
Glacier Co., MT
Blaine Co., MT
Lewis and Clark Co., MT
Carter Co., MT
Crook Co., WY
Meade Co., SD
Natrona Co., WY
Pennington Co., SD
Niobrara Co., WY
Sites
Dawson Co., MT
Converse Co., WY
Niobrara Co., WY
Routt Co., CO
Larimer Co., CO

New WIS Localities: Upper Campanian (75.2 – 72.1 Ma)
Paleolatitude (º)
Sites
55.5
Dawes Co., NE
54.1 to 54.0
Carbon Co., WY
54.0
Albany Co., WY
50.2
Laramie Co., WY
49.9
Larimer Co., CO
48.7
Larimer Co., CO
48.5
Jefferson Co., CO
48.3
Jefferson Co., CO
48.3
El Paso Co., CO
New WIS Localities: Lower Maastrichtian (72.1 – 69.0 Ma)
Paleolatitude (º)
Sites
52.0
Boulder Co., CO
48.6
Jefferson Co., CO
47.9
Douglas Co., CO
46.6
Lincoln Co., CO
46.5

Paleolatitude (º)
47.6 to 47.7
47.6
47.3
46.8
46.2
46.0
45.4
45.0 to 45.1
44.2
Paleolatitude (º)
45.7
45.6
45.1
44.4

Table 1. New WIS localities for δ18O and δ13C measurements. Locality information is categorized by
upper Campanian (75.2 – 72.1 Ma) and lower Maastrichtian (72.1 – 69.0 Ma) and lists its county, state, and
paleolatitude.
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A

Late Campanian

B

Early Maastrichtian

WIS and Gulf and
Atlantic Coastal Plains
This Study Localities
Other Studies Localities

Figure 1. Map of WIS, Gulf Coastal Plain, and Atlantic Coastal Plain localities. A. The late
Campanian shoreline is based off the shoreline of the B. compressus zone (Cobban et al., 1994). B. The
early Maastrichtian shoreline is based off the shoreline of the B. baculus zone (Gill and Cobban, 1973;
Slattery, 2011). The stars (yellow for this study and pink for other studies) represent localities in the WIS,
Gulf Coastal Plain, and Atlantic Coastal Plain irrespective of diagenesis.
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Sample geologic age was determined by the ammonite biozone and was classified
as upper Campanian (~75.2 – ~72.1 Ma) or lower Maastrichtian (~72.1 – ~69.0 Ma)
based on the well-established USGS WIS Zonal Table provided in Cobban et al. (2006)
and Merewether and McKinney (2015). The majority of museum specimens were already
identified to genus or species level; taxonomy was vetted for accuracy. Only one sample
could not be taxonomically assigned and was labeled “unidentified” for the purpose of
these analyses. General habitat was characterized by broad functional ecological guilds
that were well established by various literature sources and Fossilworks.
Benthic foraminifera, bivalves, gastropods, echinoids, scaphopods, and serpulids were
given a generalized habitat classification as benthic (Behrensmeyer and Turner, 2013;
Immenhauser et al., 2016). Generalized habitat for cephalopods were classified as
nektobenthic (Tsujita and Westermann, 1998; Moriya et al., 2003; Lukeneder et al., 2010;
Sessa et al., 2015) except the ammonite, Placenticeras (which is most-likely nektonic;
see Tsujita and Westermann (1998)). Placenticeras, planktonic foraminifera and
nannofossils were classified as pelagic (Tsujita and Westermann, 1998; Behrensmeyer
and Turner, 2013). Museum specimens were identified to geological formation provided
by several national museum invertebrate paleontology collections. Specimen mineralogy
(calcite versus aragonite) was identified both in hand sample (observed pearly luster of
aragonite) and confirmed in most cases using SEM analysis (observed tablet
microstructure of aragonite). Paleolatitude was assigned using a paleolatitude calculator
for paleoclimate studies (van Hinsbergen et al., 2015). The average paleolatitude of 74
Ma was used for the late Campanian and 70 Ma for the early Maastrichtian with the
paleomagnetic reference frame from Torsvik et al. (2012).
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Field and museum specimens were complimented by a comprehensive global
literature survey that added oxygen and carbon isotope compositional data from 30
published studies (11 from the WIS, one from the Gulf Coastal Plain and Atlantic Coastal
Plain, and 18 from the rest of the world) assignable to the upper Campanian or lower
Maastrichtian. Identical metadata were collected as feasible from these studies (including
SEM PI in some cases), which is reported in Appendix A. Samples from the WIS and
Atlantic and Gulf Coastal Plains (United States) were georeferenced using 1 mile x 1
mile township, range and section, or at the county-level when required. For samples
outside of North America, localities were typically georeferenced at the geographic
resolution of individual town (approximately 4.5 km2) based on published locality
information for macrofauna samples (i.e., mollusks) and latitude/longitude coordinates
for Deep Sea Drilling Project (DSDP) or Ocean Drilling Project (ODP) microfauna
samples (i.e., foraminifera). Georeferencing utilized the same software as described
above. Biozones or age models from published papers determined the stratigraphic
resolution of these samples. For studies with numerical age models, radiometric dates
provided for the WIS in Merewether and McKinney (2015) constrained whether samples
were identified as upper Campanian or lower Maastrichtian. Individual samples with
multiple δ13C, δ18O, and/or SEM PIs were averaged to a single value.
The combined database of field, museum, and literature review specimens that
were analyzed for δ18O, δ13C, and/or diagenesis (SEM PI) were partitioned into four
datasets for multiple linear regression analyses: 1) δ18O PI, 2) δ13C PI, 3) δ18O WP, and
4) δ13C WP. The δ18O PI and δ13C PI analyses (PI for preservation index) only included
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samples with SEM PI data; this resulted 150 specimens in both the δ18O PI and δ13C PI
datasets (Appendix B).
Following recommendations from previous work (Cochran et al., 2010; Knoll et
al., 2016) and a visual inspection of the stable isotope data, the δ18O WP and δ13C WP
models (WP for well-preserved) only included samples with a SEM PI greater than two,
which is equivalent to a δ18O value greater than -6.36‰. Based on these criteria 31
samples (two samples from the Antarctica Peninsula and 28 samples from the WIS) were
removed from the full dataset. The δ18O WP and δ13C WP analyses (including both
calcite and aragonite samples) included 1747 specimens for δ18O WP and 1220
specimens for δ13C WP (Appendix B).
3.2 Scanning Electron Microscope Preservation Index (SEM PI)
Many studies have attempted to assess degree of diagenetic alteration, but these
were mostly limited to x-ray diffraction and light microscope inspection of calcite and
aragonite (e.g., Tourtelot and Rye, 1969; Wright, 1987; Fisher and Arthur, 2002; He et
al., 2005). Although a good first step, these types of analyses are limited to identifying
the presence/absence of calcite and aragonite, and cannot provide detailed information
about how well each phase may be preserved at a molecular scale. Given that aragonite is
metastable compared to calcite, many workers have considered the presence of aragonite
preservation alone to indicate a “well-preserved” specimen (Urey et al., 1951; Grossman
and Ku, 1986; Sharp, 2017). However, more recent work using scanning electron
microscopy of aragonitic shells, has demonstrated that even specimens with original
aragonite may show variable degrees of crystal tablet preservation; further, poor quality
of tablet preservation has been correlated with low, “altered” δ18O values (Cochran et al.,
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2010; Knoll et al., 2016). This work has resulted in a standardized preservation index
(SEM PI), which qualitatively relates preservation quality of aragonitic specimens with
potential degree of diagenetic alteration in stable isotope measurements (Cochran et al.
(2010; see also Knoll et al., 2016).
For this analysis, SEM images were obtained for 46 of 74 samples with visually
well-preserved nacre (Appendix A). Two pieces of aragonite were removed near the
umbo of each sample, cleaned using deionized water, and coated with gold/palladium
alloy. Samples were then imaged using a JEOL 5800LV Scanning Electron Microscope
(SEM); one sample was imaged parallel to the vertical aragonite growth axis (at 2000x
magnification) and one sample perpendicular to the growth axis (at 15,000x
magnification) to provide images of both surficial and cross sectional shell
microstructure. Using these images specimens were assigned a Preservation Index (PI)
rank based on the microstructural preservation of aragonite tablets following Cochran et
al. (2010) and Knoll et al. (2016). A PI of one (PI=1) indicates that nacre tables are
poorly preserved, with significant potential for geochemical alteration. A PI of five
(PI=5) indicates that nacre tables are excellently preserved (essentially identical to
modern specimens), which supports minimal potential for geochemical alteration
(Cochran et al., 2010; Knoll et al., 2016). Figure 2 illustrates the range of PI values
observed in Inoceramus samples analyzed here.
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Figure 2. Scanning electron microscope preservation index (SEM PI) of aragonitic Inoceramus.
Excellent preservation (PI=5) in sample D4653AIno (A, B). Very good preservation (PI=4) in sample
D788AIno (C, D). Good preservation (PI=3) in sample D854 (E, F). Fair preservation (PI=2) in sample
D223C (G, H). Poor preservation (PI=1) in sample 10246 (I, J). A, C, E, G, I are surface view 2,000X with
a scale bar equal to 20 µm and B, D, F, H, and J are cross section view 15,000X with a scale bar equal to
5µm.

3.3 Stable isotopic analysis
Oxygen and carbon isotope compositions were measured in 73 samples of
bivalves and one gastropod obtained from field and museum specimens as described in
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Section 3.1. For bulk analysis, bivalve samples were drilled from the umbo (juvenile
stage) and the gastropod sample was drilled from the apex, with a 0.8mm diameter
Dremel. The umbo is used because it is the fastest growing part of the shell and therefore
provides the best average of stable isotope compositions over the lifetime of the
organism. Calcium carbonate (CaCO3) shell material was powdered using a mortar and
pestle, weighed between 0.30 to 0.40 mg, and treated with a phosphoric acid digestion.
The emitted CO2 gas was analyzed for δ18O and δ13C using standard protocols on a
Thermo Delta Plus coupled to a Gasbench-IRMS at the UNM Center for Stable Isotopes.
Each sample was measured four times and the average of these measurements was taken
as the composition of that sample; the average within sample standard deviation was ±
0.1‰ for δ18O and δ13C values across all analyses. Aragonite samples were corrected for
the aragonite-phosphoric acid fractionation factor at 50ºC with CO2 α= 1.255933 and
aragonite α= 1.00967 (Kim et al., 2007). Calcite samples were corrected for the calcitephosphoric acid fractionation factor at 50ºC with CO2 α= 1.255933 and calcite α=
1.00937 (Kim et al., 2007). All samples were internally standardized to the Carrara
marble; the reported stable isotope composition is normalized to the Vienna Pee Dee
Belemnite standard (VPDB) for δ18O and δ13C values.
3.4 Multiple linear regression models
In order to test the statistical significance of changes in δ18O and δ13C isotope
compositions compared to various geographic and environmental factors, we employed
multiple linear regression analyses on the full database combining field, museum, and
literature survey specimens. Hypotheses of how the previously described additional
factors (see Section 1) influenced stable isotope compositions were tested using multiple
linear regression models of four partitioned datasets: 1) δ18O PI, 2) δ13C PI, 3) δ18O WP,
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and 4) δ13C WP (described in Section 3.1). The variables tested in all four models
included the potential influence of: higher taxon (categorized by bivalve, cephalopod,
echinoid, foraminifera, gastropod, nannofossil, scaphopod, or serpulidae), geologic stage
(upper Campanian or lower Maastrichtian), oceanographic setting (non-restricted
epicontinental seaway, open-ocean, or restricted epicontinental seaway), generalized
habitat (benthic, nektobenthic, or pelagic) and average paleolatitude. In the δ18O PI and
δ13C PI sample analysis, the influence of average SEM PI was additionally examined; in
the δ18O WP and δ13C WP models, the influence of shell composition (calcite vs.
aragonite) was also examined (Table 2; Appendix F). All statistical analyses were
performed in the R programming language (RStudio Team, 2016).
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Linear Regression Model
1. δ18O PI

Factors
Higher Taxa (Bivalve, Cephalopod, or Gastropod)
General Habitat (Benthic, Nektobenthic, or Pelagic)
Geological Stage (Upper Campanian or Lower Maastrichtian)
Oceanographic Setting (Non-restricted epicontinental seaway, or Restricted
epicontinental seaway)
Average Paleolatitude (34.0º to 55.5º)
SEM PI (1 to 5)
2. δ13C PI
Higher Taxa (Bivalve, Cephalopod, and Gastropod)
General Habitat (Benthic, Nektobenthic, or Pelagic)
Oceanographic Setting (Non-restricted epicontinental seaway, or Restricted
epicontinental seaway)
SEM PI (1 to 5)
3. δ18O WP
Mineralogy (Calcite or aragonite)
Higher Taxa (Bivalve, Cephalopod, Echinoid, Foraminifera, Gastropod,
Nannofossil, Scaphopod, or Serpulidae)
General Habitat (Benthic, Nektobenthic, or Pelagic)
Geological Stage (Upper Campanian or Lower Maastrichtian)
Oceanographic Setting (Open-ocean, Non-restricted epicontinental seaway,
or Restricted epicontinental seaway)
Average Paleolatitude (-72.5º to 56.7º)
13
4. δ C WP
Mineralogy (Calcite or aragonite)
Higher Taxa (Bivalve, Cephalopod, Echinoid, Foraminifera, Gastropod,
Nannofossil, Scaphopod, or Serpulidae)
General Habitat (Benthic, Nektobenthic, or Pelagic)
Oceanographic Setting (Open-ocean, Non-restricted epicontinental seaway,
or Restricted epicontinental seaway)
Table 2. Factors for four multiple linear regression models. Four linear regression models are tested
with selected factors. Both PI (preservation index) models (δ18O PI and δ13C PI) tested for a relationship
between δ18O or δ13C, and potential degree of diagenetic alteration using the aragonite SEM PI. Both WP
(well-preserved) models (δ18O WP and δ13C WP) tested for the relationship between δ18O or δ13C and
calcite or aragonite mineralogy.

4. Results
4.1 SEM PI of marine bivalves and comparison to previous work in the WIS
SEM PI was measured in 46 aragonitic samples following Cochran et al. (2010)
and Knoll et al. (2016); each genus and geologic stage was measured at multiple
localities (Appendix A). Overall, there was substantial overlap in oxygen and carbon
isotope composition between samples at all PI values (Figure 3).
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Epifaunal Inoceramids
Epifaunal Non-Inoceramids
Infaunal Bivalves

Figure 3. Scatterplot of new WIS δ18O and δ13C values of epifaunal and infaunal taxa by SEM PI.
Selected aragonite samples were assessed for SEM PI and were compared to δ18O values (A) and δ13C (B)
values.

Epifaunal inoceramids ranged from poor (PI=1) to excellent (PI=5) preservation;
epifaunal non-inoceramids were ranked from poor (PI=1) to good (PI=3) preservation;
infaunal bivalves ranked from poor (PI=1) to good-to-very good (PI=3.5) preservation.
The greatest number of samples (n=17) was classified with poor preservation (PI=1) and
had the widest range in δ18O (-13.98‰ to -0.90‰) and δ13C (-9.15‰ to +4.67‰) values.
Samples with very low δ18O values (less than -6‰) were more likely to be classified with
a PI=1, except for three samples that were ranked with fair-to-good (PI=2 or 3)
preservation. All δ18O values less than -6.36‰ were poorly preserved (PI=1).
The highest δ18O and δ13C values were expected to come from PI=5 samples since
meteoric diagenesis shifts δ18O and δ13C to lower values (Brand and Veizer, 1981).
However, this was not always observed. For example, the δ18O and δ13C values observed
in the PI=5 sample D4653AIno were -4.42‰ and +3.90‰, respectively; while the
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highest δ18O value (-0.02‰) came from sample, AMNH82889.2, with a PI=3 and the
highest δ13C value (+4.67‰) came from a PI=1 sample, D5133A Ino1. Although the
range of δ18O and δ13C observed in samples with poor (PI=1) preservation was larger,
surprisingly, many poorly preserved shells (and those with intermediate preservation,
PI=2 to 4) demonstrated stable isotope compositions in the same range as samples with
excellent (PI=5) preservation (Figure 3).
SEM PIs assigned to field and museum specimens analyzed here were compared
to those in previously published research (e.g.,, Cochran et al., 2010; Landman et al.,
2012; Dennis et al., 2013; Meyer et al., 2018). Whereas prior work focused in the upper
Campanian and lower Maastrichtian only measured the oxygen and carbon isotopic
composition of bivalve samples with a SEM PI of good to excellent preservation (PI > 3),
this study measured the stable isotopic composition of specimens with all levels of
aragonite preservation. Compared to previous work, epifaunal inoceramid specimens
measured here with fair to excellent preservation (PI > 2) showed the same range of δ18O,
but a wider range in δ13C. For infaunal bivalves, a wider range in δ18O and overall higher
δ13C were observed; epifaunal non-inoceramids showed lower δ18O and higher δ13C than
prior analyses (Figure 4).
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Study Type
This Study
Other Studies
Higher Taxa
Epifaunal Inoceramids
Epifaunal Non-Inoceramids
Infaunal Bivalves

Figure 4. Scatterplot of this study and other studies’ bivalves’ δ18O and δ13C values by average SEM
PI. This study (diamonds) has a range in SEM PI values while other upper Campanian and lower
Maastrichtian studies (open squares) only measure δ18O (A) and δ13C (B) values with an average SEM PI
with at least good preservation (PI >3).

Differences are also noted when comparing SEM PIs of cephalopods from other
studies versus bivalves in this and previous work (Figure 5). Cephalopods tend towards
higher δ18O values than bivalves for specimens with PI ≥ 2, although the differences are
not always statistically distinct. Cephalopods always show lower δ13C than bivalves,
regardless of PI level. In both types of taxa, the lowest δ18O values are observed in poorly
preserved specimens.
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Figure 5. Boxplot of average SEM PI of bivalves and cephalopods’ δ18O and δ13C values. Cephalopods
(purple) tend to have higher δ18O (A) and lower δ13C (B) values compared to bivalves (blue) with the same
average SEM PI.

4.2 Stable isotopic compositions of carbonate shells and comparison to previous work
in the WIS
Isotopic compositions were measured in 74 mollusk shells (47 samples for upper
Campanian and 27 samples for lower Maastrichtian) from fieldwork and museum
collections. These samples represented 11 genera of bivalves and one genus of gastropod:
Cucullaea, Cymbophora, Endocostea, Geltena, Inoceramus, Lucina, Nucula, Ostrea,
Pinna, Pteria, and Tenuipteria (bivalves), and Anisomyon (gastropod). δ18O
measurements ranged from -13.98‰ to -0.02‰ across these samples, and δ13C ranged
from -16.41‰ to +5.84‰ (Appendix A). Epifaunal inoceramids (including Inoceramus
and Endocostea), had δ18O values similar to other examined epifaunal taxa (bivalves
Ostrea, Pteria, and Tenuipteria, and gastropod Anisomyon). Infaunal bivalves
(Cucullaea, Cymbophora, Geltena, Lucina, Nucula, and Pinna) had higher δ18O values
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than all epifaunal taxa. Epifaunal inoceramids had higher δ13C values than infaunal
bivalves and epifaunal non-inoceramids (Figure 6).

Epifaunal Inoceramids
Epifaunal Non-Inoceramids
Infaunal Bivalves

Figure 6. Scatterplot of new WIS δ18O and δ13C values of epifaunal and infaunal bivalves. Most
bivalves have δ18O values between -8‰ and 0‰ and δ13C values between -5‰ and +6‰. There are three
bivalves that have δ18O values from -14‰ to -8‰ and four bivalves that have δ13C values from -17‰ to 8‰.

Oxygen and carbon isotope compositions and shell preservation show some
variation between specimens from the same horizon and locality (Figure 7). This is due to
time-averaging, differences in seasonal growth patterns, crystal structure, and localized
differences in diagenesis (Immenhauser et al., 2016; Knoll et al., 2016). In Figure 7, sites
D3390 to D946 are from the upper Campanian and sites D5133 to D12412 are from the
lower Maastrichtian; each locality spans a single biozone. Epifaunal inoceramids tended
to have lower δ18O values than infaunal bivalves at a given site, except at D8016. At sites
D223 and D22921, epifaunal inoceramids had lower δ18O values than the epifaunal noninoceramid, while at site D946 the epifaunal inoceramid had a slightly higher δ18O value
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than the epifaunal non-inoceramid. Epifaunal inoceramids from the same sites tended
towards higher δ13C values than infaunal bivalves and epifaunal non-inoceramids
(Appendix D).

Figure 7. Scatterplot of this study’s bivalve taxa at same localities by δ18O values. Sites young to the
right and are arranged by ammonite biozones. Sites D3390 to D946 are in the upper Campanian and sites
D5133 to D12412 are in the early Maastrichtian. D119 is ~400km southwest from D223 and they are from
the same biozone, B. compressus. Epifaunal inoceramids from D223 have slightly higher δ18O values than
epifaunal inoceramids from D119. Sites D5133, D8016, D4653, and AMNH82889 are from B. baculus
biozone and span ~900 km from south to north. Epifaunal inoceramids from the most northern site,
AMNH82889, have higher δ18O values compared to epifaunal inoceramids from southern sites. D10 is
~160km south from D12412 and they are from the same biozone, B. clinolobatus. D12412 infaunal
bivalves have lower δ18O values than D10 infaunal bivalves. Generally, epifaunal taxa have lower δ18O
values than infaunal taxa.
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A range of SEM PIs was also observed within each locality (Figure 7). Most
bivalves showed poor preservation (PI=1; n=8) or fair preservation (PI=2; n=8). At site
D4653, the PI=5 inoceramid had a lower δ18O value than a moderately preserved infaunal
bivalve (PI=2). Most epifaunal non-inoceramid bivalves are calcitic oysters (i.e., Ostrea)
that cannot be assessed by the SEM aragonite preservation index. However at D12412,
the epifaunal non-inoceramid, Tenuipteria, was fairly preserved (PI=2) and had a
comparable δ18O value to moderately preserved (PI=2 to PI=3) epifaunal inoceramids in
other localities. Epifaunal inoceramids from the same biozone (B. compressus and B.
baculus) generally have higher δ18O values in the north compared to the south. However,
infaunal bivalves from B. clinolobatus have lower δ18O values in the north compared to
the south (Figure 7).
The oxygen and carbon isotope compositions reported here were compared to
other published isotope records from the upper Campanian and lower Maastrichtian, both
within the WIS and globally. In a taxon-to-taxon comparison with other WIS studies (see
Appendix A for citation list), the compositions measured here are very similar in both
δ18O and δ13C and are not statistically distinguishable. Compared to previous work on
cephalopods, nektonic cephalopods (e.g., Placenticeras) span the full range of measured
bivalve values in δ18O (from this study and others), but show lower δ13C; nektobenthic
cephalopods (e.g., scaphites and baculites) span a more narrow range of stable isotope
space that tends to overlap with that of infaunal bivalves measured here and previously
(Figure 8; Wright, 1987; Tsujita and Westermann, 1998; Landman et al., 2012; Sessa et
al., 2015).
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Figure 8. Boxplot of this study and other studies well-preserved mollusks’ δ18O and δ13C values in the
WIS. A. Epifaunal taxa have lower δ18O values than infaunal bivalves and nektobenthic cephalopods.
Nektonic cephalopods δ18O values overlap with all habitat and taxa types. B. This study’s and other
studies’ epifaunal non-inoceramids, epifaunal inoceramids, and infaunal inoceramids have overlapping
δ13C values. Cephalopods have lower δ13C values than bivalves.

A site-specific comparison shows broad agreement within ecological groups in
δ18O values (i.e., all bivalves and nektobenthic cephalopods overlap in δ18O between
sites), except in nektonic cephalopods. This group shows a decreasing trend of δ18O
through space in upper Campanian samples, but this may be an artifact of limited
sampling. At each site, epifaunal inoceramids have the lowest δ18O values. Spatial
patterns in δ13C are less consistent within ecological groups. WIS seep-associated sites
have δ13C values of ~ -50‰ which is compatible with δ13C values of modern methane
seeps (Kauffman et al., 1996). According to Landman et al. (2012), seep cephalopods and
infaunal lucinids have lower δ13C values than non-seep taxa, while inoceramids do not
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show a distinct seep signature in δ13C. The dataset compiled here is not consistent with
Landman et al. (2012) because seep ammonites and epifaunal bivalves from sites AMNH
3489 and AMNH 3418 have overlapping δ13C values with non-seep taxa. Only seep
infaunal bivalves have lower δ13C values than non-seep infaunal bivalves (Figure 9).

Figure 9. Boxplot of higher taxon δ18O and δ13C values at the same localities in the WIS. Sites young
to the right and are arranged by ammonite biozones. All sites are from the upper Campanian except USGS
3896, which is from the lower Maastrichtian. AMNH 3489 is slightly southeast (~20km) from AMNH
3418 and these are the only sites from the same biozone, D. cheyennense. A. Infaunal bivalves and
nektobenthic cephalopods have higher δ18O values while nektonic cephalopods have lower δ18O values.
Epifaunal non-inoceramids have higher δ18O values than epifaunal inoceramids. B. AMNH 3489 and
AMNH 3418 are methane seep sites, while AMNH 3274, St. Mary River South Side, and USGS 3896 are
non-methane seep localities. All epifaunal taxa and cephalopods do not exhibit a difference in δ13C values
between seep and non-seep sites. Infaunal bivalves possibly exhibit a difference in δ13C values between
seep and non-seep sites.

4.3 Stable isotope composition of carbonate shells through time in the WIS
The full dataset compiled for the WIS spans 12 ammonite biozones, representing
~ 5.6 Myrs, from the late Campanian D. nebrascense to the early Maastrichtian B.
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clinolobatus zones (Cobban et al., 2006; Merewether and McKinney, 2015). The δ18O
composition of the WIS is broadly similar for much of this time, however, in the
youngest biozone B. clinolobatus, the δ18O values increased by 1‰ (Figure 10). There is
not a difference in δ13C values between biozones (Appendix E).

Figure 10. Boxplot of all well-preserved taxa δ18O values by upper Campanian to lower
Maastrichtian ammonite biozones in the WIS. D. nebrascense to B. eliasi are late Campanian WIS
ammonite taxon range zones and B. baculus to B. clinlobatus are early Maastrichtian. The WIS has similar
δ18O values from D. nebrascense to B. grandis. However in the youngest biozone, B. clinlobatus, the WIS
has the higher δ18O values (increased by 1‰) than all other WIS ammonite taxon range zones.

Stable isotope compositions are also similar within taxonomic groupings through
time (Figure 11). A dip in δ18O is observed in epifaunal non-inoceramids and nektonic
cephalopods around the B. cuneatus biozone. At least the latter may be an artifact of low
sample sizes. δ13C values do not vary taxonomically through time (Appendix F). The lack
of directional pattern in δ18O values through time suggests that although regressing, the
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WIS was not becoming more restricted from the late Campanian and early Maastrichtian
(Figure 11).

Figure 11. Boxplot of δ18O values of different well-preserved taxa of selected ammonite biozones in
WIS. D. cheyennense, B. compressus, B. cuneatus, and B. eliasi are WIS ammonite taxon range zones in
the late Campanian and B. baculus is an ammonite biozone in the early Maastrichtian. Inoceramids had
lower median δ18O values than epifaunal non-inoceramids except in B. eliasi. In each biozone, nektobenthic
cephalopods and infaunal bivalves had the highest δ18O values. Nektonic cephalopods had overlapping
δ18O values with nektobenthic cephalopods.

4.4 Statistical results of primary and diagenetic factors
Several factors were identified as potentially contributing to the oxygen and
carbon isotope compositions of carbonate shells during this time: mineralogy, higher
taxa, general habitat, geological stage, oceanographic setting, paleolatitude, and
diagenesis. To test for the effect of each of these on oxygen and carbon isotope
compositions, four multiple linear regression analyses were run on different subsets of
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the full database: 1) δ18O PI, 2) δ13C PI, 3) δ18O WP, and 4) δ13C WP (PI = preservation
index; WP = well-preserved; see Methods and Appendix C for detailed description).
All analyses tested the influence of higher taxon, geologic stage, oceanographic
setting, and generalized habitat. The PI analyses (δ18O PI, δ13C PI) included only stable
isotope data for which an SEM PI of aragonite was available. These analyses tested for
the influence of the factors listed above, plus the additional variable of SEM PI on stable
isotope compositions. Prior work classified well-preserved samples as having a
preservation index from good to excellent (PI > 3) (Cochran et al., 2010; Knoll et al.,
2016). However, results here indicate that samples with fair (PI=2) and good (PI=3)
preservation had the same range in δ18O values, and thus they were considered wellpreserved and were included in the WP models (δ18O WP, δ13C WP). The only samples
with δ18O values less than -6.36‰ had poor (PI=1) preservation. Thus, the WP analyses
included all stable isotope measurements from this study, as well as those compiled from
the literature, that had δ18O values > -6.36‰ or an SEM PI > 2. These analyses tested for
the influence of the factors listed above, plus the additional variable of mineralogy (i.e.,
calcite vs. aragonite) as a determinant of stable isotope compositions. Correlation tests
between the factors modeled here indicate no collinearity between most variables
(Appendix G). However, collinearity > 0.5 was seen in these factors: general habitat and
higher taxon in both PI models, mineralogy, higher taxon, and oceanographic setting in
δ18O WP model and mineralogy and higher taxon in δ13C WP model (Appendix G).
The δ18O PI model indicated only geologic stage and SEM PI significantly
influenced stable isotope compositions (r2 = 0.35 and p-values < 0.001). Cephalopods
also showed distinct oxygen isotope compositions at p <0.05 levels. The δ13C PI model
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found general habitat and SEM PI statistically influence carbon isotope compositions (r2
= 0.19 and p-values < 0.05). These results support the removal of samples with PI < 2
and/or δ18O ≤ -6.36‰ from the WP models.
The δ18O WP model indicated that all of the tested variables potentially influenced
oxygen isotope compositions (r2 = 0.60 and p-values < 0.001 for all variables). The δ13C
WP model indicated that cephalopods, echinoids, general habitat, and mineralogy
potentially influenced carbon isotope compositions (r2 = 0.41 and p-values < 0.001) and
foraminifera and restricted epicontinental seaway also showed distinct carbon isotope
compositions at p-value < 0.05 level (Table 3; Appendix H for exact p-values).

Mineralogy
Higher Taxa: Cephalopod
Higher Taxa: Echinoid
Higher Taxa: Foraminifera
Higher Taxa: Gastropod
Higher Taxa: Nannofossil
Higher Taxa: Scaphopod
Higher Taxa: Serpulidae
General Habitat
Geological Stage
Oceanographic Setting: Openocean
Oceanographic Setting:
Restricted epicontinental
seaway
Average Paleolatitude
Diagenesis: Average SEM PI
Overall model

δ18O PI
–
*
–
–
X
–
–
–
X
***

δ13C PI
–
X
–
–
X
–
–
–
*
–

δ18O WP
***
***
***
***
***
***
***
***
***
***

δ13C WP
***
***
***
***
X
X
X
X
***
–

–

–

***

X

X
X
***
***

X
–
*
***

***
***
–
***

X
–
–
***

Adjusted R2
0.35
0.19
0.58
0.41
Table 3. P-values and adjusted R2 values for multiple linear regression models. X = p > 0.05 and
means not statistically significant, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, and – means variable not
run in model. PI means preservation index and WP means well-preserved. See Appendix H for exact pvalues.

5. Discussion
Here I tested three hypotheses surrounding the oxygen isotope composition of the
Late Cretaceous Western Interior Seaway (WIS) using museum-quality aragonitic
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mollusk specimens from my own fieldwork, existing museum collections, and global
literature compilation. Seventy-four samples from combined fieldwork and museum
specimens were systematically collected from a wide geographic range in the late
Campanian through early Maastrichtian WIS. These were measured for δ18O, δ13C, and
SEM PI and were compared to a comprehensive compilation of previous stable isotope
studies in the WIS, Gulf and Atlantic Coastal Plains, Antarctica, Boreal, and Tethys
epicontinental seaways, and the open-ocean. Multiple linear regression models were used
on well-preserved specimens to statistically interrogate three main hypotheses: (1) the
restricted epicontinental WIS had a unique δ18O composition compared to other coeval
marine settings; (2) increased open-ocean restriction as regression progressed from the
late Campanian into the early Maastrichtian strongly influenced the WIS water
chemistry; (3) other factors such as mineralogy, vital effects (i.e., higher taxa), habitat,
geography (including paleolatitude), and diagenesis imparted a first order bias on
recovered stable isotope compositions.
5.1 Stable isotope composition of the WIS versus other oceanographic settings
Based on previous studies (e.g., Coulson et al., 2011; Petersen et al., 2016), the
WIS was hypothesized to have different stable isotope composition than the open-ocean.
Comparison of sampled and literature compiled WIS data with other oceanographic
settings suggests a clear difference, particularly in δ18O composition (Figure 12). In the
most restricted linear regression model, δ18O PI, the open-ocean data were not available
and only a single sample (out of 149 samples) was from a non-restricted epicontinental
sea (the Gulf Coastal Plain). The PI models did not find a significant difference in δ18O
and δ13C values between this sample and the WIS, however, this is neither surprising nor
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interpretable give the biased data structure (Table 3; Appendix H). This sampling bias
reflects the common use of SEM PI in North American macrofossil studies (Cochran et
al., 2010; Landman et al., 2012; Dennis et al., 2013; Knoll et al., 2016; Meyer et al.,
2018) compared to the rest of the globe. However, SEM PI is gaining more traction in the
global community – e.g., the Walliser et al. (2019) investigation of gigantic inoceramids
and cephalopods in the middle Campanian of Hokkaido, Japan.
A

B

Late Campanian

Early Maastrichtian

δ18O Values

> 0.01‰
- 1.99‰ to 0.00‰
- 2.00‰ to - 3.99‰
< - 4.00‰

Taxon
Planktonic Foram or
Nanofossil
Nektobenthic or Pelagic
Cephalopod
Benthic Bivalve
Benthic Foram
Other Benthic Taxa

Figure 12. Map of the average δ18O values of taxa worldwide in the late Campanian and early
Maastrichtian. The WIS has lower δ18O values than the open-ocean and non-restricted epicontinental
seaways. The late Campanian (A) has lower δ18O values than the early Maastrichtian (B).
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In the “well-preserved” regression models, δ18O WP and δ13C WP, the oxygen
and carbon isotope composition of the restricted epicontinental WIS could be compared
to non-restricted seaways and the open-ocean with more fidelity. These models indicate
that the restricted epicontinental WIS had lower δ18O, but similar δ13C values, compared
to other oceanographic settings. In the late Campanian, the lower δ18O and δ13C values of
the WIS can be clearly distinguished from other oceanographic settings. However, in the
early Maastrichtian, there is some overlap between the δ18O and δ13C values of the WIS
and other oceanographic settings (Figure 13). Statistically, the WIS shows significant
differences in δ18O values, but statistically indistinct δ13C values, between different
oceanographic settings in both time periods (Table 3).

Figure 13. Boxplot of δ18O and δ13C values by geographic setting in the late Campanian and early
Maastrichtian. The WIS restricted epicontinental seaway (orange) had lower δ18O median values than the
open-ocean (navy) and non-restricted epicontinental seaways (light blue) in the late Campanian (A) and
early Maastrichtian (B). The WIS had lower δ13C median values than the open-ocean and non-restricted
epicontinental seaways in the late Campanian (C) and early Maastrichtian (D).
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A unique δ18O composition in the WIS may be caused by input of isotopically
distinct water bodies (including freshwater from precipitation/rivers/aquifers, polar Arctic
Sea and equatorial Tethys Sea) in combination with evaporation. Wright (1987) suggests
a reduced salinity surface layer due to river runoff from the Sevier orogeny. Previous
studies measured freshwater Unionoida bivalves with very light values: δ18OSMOW = 21‰ to -16‰ (Cochran et al., 2003), δ18OSMOW = -11‰ to -6‰ from basin recharge and
δ18OSMOW = -22‰ to -13‰ from trunk rivers (Fricke et al., 2010), and δ18OSMOW = -20‰
from very low freshwater and δ18OSMOW = -11‰ to -8‰ from intermediate freshwater
(Petersen et al., 2016). Fricke et al. (2010) and Petersen et al. (2016) concluded that low
WIS δ18O values resulted from freshwater rivers sourced at high elevations. Cochran et
al. (2003) also measured low δ18O values in conjunction with variable 87Sr/86Sr
measurements in the central WIS; based on these they concluded that the WIS was
brackish as a result of ubiquitous groundwater and seawater mixing.
An in-depth interrogation of these two hypotheses requires water-mixing models
in conjunction with ocean circulation models that take into account evaporation regimes
and additional sampling in the Boreal and Tethys seas. This work is beyond the scope of
the current contribution, however, it is plausible that complex ocean mixing of multiple,
isotopically distinct water bodies has the potential to significantly impact the oxygen
isotope composition of the WIS (Hay et al., 1993; Fisher et al., 1994; Slingerland et al.,
1994; Jewell, 1996; Coulson et al., 2011). This should be a first-order hypothesis in
interpreting stable isotope measurements of carbonate shells in the WIS, which must be
addressed prior to the application of these data to paleotemperature reconstructions.
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The lack of distinction in measured δ13C values is expected. This proxy tends to
reflect degree of organic burial which is related to global oceanographic conditions of
water depth and oxygenation (Abramovich et al., 2003) and the values measured here are
generally supportive of this interpretation. Broadly, benthic taxa have lower δ13C values
than the nektonic taxa (as expected), which are reflected in the open-ocean planktonic
foraminifera. However in the restricted WIS and early Maastrichtian non-restricted
epicontinental seaways, low δ13C outliers were observed compared to the open-ocean
(Figure 13). These low δ13C values could be explained by abundant methane seeps in the
epicontinental seaways of this time (Kauffman et al., 1996; Landman et al., 2012, 2019).
Very light δ13C values were recorded in the shallow marine James Ross Basin of
Antarctica – as low as -60‰ in methane seep cements (Little et al., 2015) and as low as 34.2‰ in bivalves (Hall et al., 2018). In the middle Campanian to early Maastrichtian
WIS, early methane seep cements have δ13C values between -47‰ to -11‰ (Kauffman et
al., 1996; Landman et al., 2012); ammonites associated with seeps show values as low as
-13.71‰, lucinids as low as -11.49‰, and inoceramids as low as +0.66‰ (Landman et
al., 2012). Seep and non-seep ammonites show significant differences in δ13C values,
while inoceramids do not (Landman et al., 2012). In this study epifaunal inoceramids had
the highest δ13C values regardless of the presence or absence of a methane seep which is
consistent with Landman et al. (2012). The impact of ocean habitat and higher taxon on
the stable isotope compositions measured here are discussed in more depth in Section 5.3.
Since the δ13C values of the WIS, non-restricted epicontinental seaways, and open-ocean
are not statistically significant, methane seeps do not seem to have been a major factor in
modifying the δ13C values of the WIS at this time. Most samples from the WIS
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(measured here and by others) come from non-seep environments and are from organisms
that have higher δ13C values than the bulk limestone δ13C values. Thus, the presence of
methane seeps in epicontinental seaways would not directly impact the δ13C values of the
oceanographic settings. A comprehensive study to see if methane seeps are a major δ13C
influencer to the WIS should be conducted on systematically collected seep and non-seep
localities in epicontinental seaways.
5.2 The influence of open-ocean restriction on the stable isotope composition of the
WIS through time
My second hypothesis stated that increased oceanographic restriction from the
late Campanian into the early Maastrichtian modified the ocean chemistry of the WIS
through time. This hypothesis is based on prior research documenting global cooling and
eustatic sea level decline has been documented from late Campanian into the early
Maastrichtian (Huber et al., 1995, 2002; Friedrich and Meier, 2006; Cramer et al., 2009,
2011; Friedrich et al., 2012; Ogg et al., 2012; Falzoni et al., 2016; Meyer et al., 2018;
Huber et al., 2018), which is also observed in the WIS (Kauffman, 1984; Cobban et al.,
1994). Monsoons have been documented in the North American regional climate during
the Campanian and might have started to weaken in the Maastrichtian (Fricke et al.,
2010). These events should influence WIS ocean chemistry by decreasing δ18O values in
the lower Maastrichtian compared to the upper Campanian, with no expected change in
δ13C. Decreased values through time are expected to result from increased open-ocean
restriction, which increases the proportional influence of the much 18O depleted
freshwater influence (precipitation, surface runoff, groundwater) on the average seaway
composition.
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Linear regression models (δ18O PI and δ18O WP) were used to test for a
significant difference in the WIS oxygen isotope composition over the ~ 6 Myr period
comprising the upper Campanian to lower Maastrichtian. Time was not considered a
factor for δ13C PI and δ13C WP models since δ13C values have not been previously found
to change from the late Campanian to early Maastrichtian (Ogg et al., 2012; O’Brien et
al., 2017; Huber et al., 2018)
Both models found that δ18O values were statistically different between the upper
Campanian and lower Maastrichtian, and surprisingly, that the lower Maastrichtian was
characterized by higher δ18O compositions (in contrast to the expectation that they would
be lighter). A more detailed review of individual ammonite biozones indicates that δ18O
values were similar through time. This suggests limited, if any, restriction of the WIS
from the open-ocean during this time period. Higher δ18O values in the Maastrichtian
seem to be controlled by the youngest biozone of the early Maastrichtian, B. clinlobatus
zone, (Figure 10). It is likely then that this period experienced an intensification of global
cooling (Dennis et al., 2013), an increase in evaporation (Fisher et al., 1994; Slingerland
et al., 1994), and/or a decrease in freshwater input (Fricke et al., 2010).
Global cooling during the early Maastrichtian has been invoked by Dennis et al.
(2013) to explain higher δ18O values in the WIS between the upper Campanian and upper
Maastrichtian using clumped isotope analyses. Dennis et al. (2013) measured the ∆47
values of marine cephalopods, however the pattern observed is consistent with the
bivalve mollusks sampled in this study. Evaporation has not been fully investigated in
late Campanian to early Maastrichtian WIS, but has been examined in the Turonian with
atmospheric general circulation models. In the Turonian WIS, it was determined by
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atmospheric general circulation models that freshwater was a significant input into the
WIS and evaporation was not a major factor (Slingerland et al., 1994). The Turonian WIS
was at its highest sea level while the late Campanian and early Maastrichtian WIS is
more restricted and is at a lower sea level (Kauffman, 1984; Cobban et al., 1994). The
change of sea level between the Turonian, Campanian, and Maastrichtian stages could
alter the WIS’ geochemistry and thus its evaporation to precipitation ratio. Although,
evaporation should not be disregarded since increased evaporation would lead to higher
δ18O values, it might not have been a significant contributor to higher δ18O values in the
WIS based on the Slingerland et al. (1994) model. A mixing water body and evaporation
model is necessary for a more restricted WIS to address how evaporation could alter the
WIS’ geochemistry.
Variable freshwater input is another factor that could modify δ18O values of the
WIS through time. Fricke et al. (2010) demonstrated that low δ18O values of Campanian
freshwater Unionoida bivalves found in recharged low elevation basin ponds, lakes, small
streams, and soil waters and high elevation large ‘trunk’ river systems are due to a strong
effect of monsoonal precipitation across Western North America; these results were
further corroborated in (Petersen et al., 2016). Fricke et al. (2010) speculated WIS
contraction in the Maastrichtian could remove the moisture needed to fuel a strong
monsoon. Based on this interpretation, the higher δ18O values observed in the lower
Maastrichtian could result from less intense monsoonal rainfall and thus less river runoff
into the lower Maastrichtian WIS.
Unfortunately, the data presented here cannot provide a robust conclusion to this
debate. Suffice it to say, the decrease in δ18O observed between the upper Campanian and
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lower Maastrichtian WIS are consistent with previously collected stable isotope data and
interpretations. However, whether the driving factor of this decline is a colder global
climate, decrease in monsoonal precipitation and surface water runoff, intensified
evaporation, or some combination of these cannot be determined at this point. Water
mixing and evaporation modeling in the late Campanian and early Maastrichtian are an
important next step to understand the dynamic nature of ocean chemistry as the WIS
regressed.
5.3 Potential Biases in stable isotope measurements
5.3.1 Mineralogy
The influence of sampling calcite versus aragonite on stable isotope compositions
was also tested in the well-preserved (WP) GLM models (since PI models only included
aragonitic specimens). In lab experiments conducted by Kim et al. (2007) and Lécuyer et
al. (2012) biogenic aragonite has lower δ18O and higher δ13C values than biogenic calcite.
It is hypothesized that there would be a difference in δ18O and δ13C values between
calcite and aragonite.
Mineralogy was determined to correlate significantly in both δ18O and δ13C. In
contrast to the expectation from previous work, calcite had lower δ18O values and higher
δ13C values than aragonite. This is likely an artifact of taxonomic sampling since the
majority of open ocean samples are calcitic foraminifera (659 occurrences of planktonic
foraminifera and 522 benthic foraminifera). Planktonic foraminifera have low δ18O and
high δ13C values compared to benthic foraminifera (Huber et al., 1995, 2018) which
could influence the reverse pattern of mineralogy. The full dataset contained only 378
occurrences of aragonitic fauna, and most of these were sampled in epicontinental
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seaways. Given that non-restricted and restricted epicontinental seaways were grouped
together for mineralogy and the influence of taxa, this is the most likely explanation of
the inversed δ18O and δ13C pattern of aragonitic, compared to calcitic specimens.
5.3.2 Vital Effects: Influence of taxonomy
In order to utilize marine animals as a faithful record of paleoenvironmental
conditions, it must be assumed that their carbonate shells are secreted in isotopic
equilibrium with the surrounding seawater (Urey et al., 1951; Lowenstam and Epstein,
1954; Keith and Weber, 1965). However, it has been suggested that many organisms do
not do this and instead fractionate stable isotopes (particularly oxygen) as they secrete
their shell, which produces a “vital effect”.
Grossman and Ku (1986) and Henkes et al. (2013) state that generally modern
mollusks (bivalves, cephalopods, gastropods, and scaphopods) experience minimal vital
effects in oxygen and carbon when compared to other benthic fauna (i.e., foraminifera).
However, some modern bivalve species (e.g., Eurhomalea exabida and Mytilus
galloprovincialis) are known to fractionate oxygen when constructing their shell and thus
record δ18O values that are not in isotopic equilibrium with ambient seawater; thus vital
effects are thought to be species-specific in modern mollusks for δ18O values
(Immenhauser et al., 2016 and references within). Notoriously, many modern filterfeeding bivalves are not in isotopic equilibrium with ambient seawater for δ13C values
(Immenhauser et al., 2016 and references within). Certain species of nannofossils and
foraminifera may or may not secrete their tests in isotopic equilibrium with seawater;
thus researchers use single species when determining the stable isotopic composition of
marine environments to at least standardize the potential effect (Ziveri et al., 2003;
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Grauel et al., 2013). Modern marine serpulids are found to secrete their CaCO3 tubes in
isotopic equilibrium with seawater, but their oxygen and carbon stable isotopic
compositions are subject to vital effects in estuarine environments (Lojen et al., 2014).
Finally, it has been established that modern and fossil echinoids are subjected to vital
effects (Davies and John, 2019).
In this study, higher taxa (bivalves, cephalopods, echinoids, foraminifera,
gastropods, nannofossils, scaphopods, and serpulids) were compared to one another as a
first-order test of the potential influence of vital effects on measured δ18O and δ13C
values. In the PI models, only three taxa (bivalve, cephalopod, and gastropod) were
tested; that is, infaunal and epifaunal bivalves were grouped together as bivalves, and
nektonic and nektobenthic cephalopods were grouped together as cephalopods. These
models broadly showed that cephalopods and bivalves were significantly different in
δ18O, but none of the taxa were significantly different in δ13C.
Bivalve specimens from the same site in the WIS generally show overlapping
oxygen and carbon isotope compositions (Figure 7 and Figure 9). This includes calcitic
taxa (e.g., many epifaunal non-inoceramid species), whose preservation cannot be
assessed using SEM PI. Infaunal bivalves tended towards poor (PI=1) preservation with a
wide range of δ18O values between -9‰ and -1‰. Notably, although measurements
showed a larger spread, epifaunal inoceramids showed similar δ18O values to epifaunal
non-inoceramids (Figure 6, Figure 8, Figure 9, Appendix I). This result is in contrast to
some previous work suggesting that inoceramids have a distinct δ18O composition
reflecting a vital effect (Tourtelot and Rye, 1969; MacLeod and Hoppe, 1992; Fisher and
Arthur, 2002; Landman et al., 2012; Walliser et al., 2019).
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Epifaunal inoceramids had the highest δ13C values regardless of the presence or
absence of a methane seep, which is consistent with Landman et al. (2012). As expected
by depth profiles, nektonic cephalopods had the lowest median δ13C values, followed by
nektobenthic cephalopods ranged and finally epifaunal inoceramids; nektobenthic
cephalopods further overlapped with the epifaunal non-inoceramids and infaunal
bivalves, which presumably experienced similar bottom water conditions (Figure 9).
Although these differences were observed, the δ13C PI model did not identify a
significant relationship between δ13C and any higher taxon.
In the WIS, bivalves had lower δ18O values and higher δ13C values compared to
ammonites with similar average SEM PI (intermediate to excellent preserved PI > 2)
mollusks and at the same locality. This should result in co-occuring stable isotope
compositions that are broadly similar, where any spread in the data reflects sample timeaveraging and potentially seasonality of growth rates; for example, bivalves tend towards
higher growth rates during the summer months and thus their isotopic compositions
record a mean summer versus annual temperature (Steuber, 1999; Dettman et al., 1999;
Lécuyer et al., 2012; Immenhauser et al., 2016). In contrast, ammonites potentially had
higher growth rates in winter months, which could explain their tendency towards higher
δ18O values than bivalves (Sessa et al., 2015). Actively swimming (nektonic) ammonites
may also be expected to have lower δ13C values than benthic bivalves because ammonites
have greater metabolic activity than benthic bivalves; this increase in metabolic activity is
due to ammonites’ active swimming and feeding lifestyle which would deplete 12C and
thus lower δ13C values (Tobin and Ward, 2015).
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In this analysis, inoceramids were found to have overlapping composition, though
generally a larger range, in δ18O compared to other epifaunal bivalves and nektobenthic
cephalopods. They also show distinct methane seep signatures in δ13C. These data
suggest that inoceramids may not have a vital effect that produces consistent isotopic
offsets compared to coeval samples. Instead, inoceramids may have had more variable
growth rates and/or were more susceptible to diagenetic overprinting. These data alone,
however, cannot confidently resolve this question. Instead, a detailed study of inoceramid
species in comparison to each other similar bivalves (e.g., oysters) – especially those with
modern analogues – is warranted. Modern analogues that can be directly tested using
physiological analysis would provide the most robust data to test the hypothesis of
whether inoceramid taxa were likely to fractionate stable isotopes during shell formation.
This study can only observe that inoceramids are in broad agreement with other cooccurring mollucan taxa.
In the WP models, the influence of all taxa (bivalve, cephalopod, echinoid,
foraminifera, gastropod, nannofossil, scaphopod, and serpulidae) on stable isotope
compositions were tested; all taxa showed significantly distinct δ18O values and bivalves,
cephalopods, echinoid, and foraminifera showed significantly distinct δ13C values. One
potential reason that all taxa were significant in the δ18O WP model is the conflating
effect of oceanographic setting and taxa sampled. In the open-ocean, sampling is
dominated by microfauna (i.e., foraminifera) while epicontinental seas have a majority of
macrofauna (i.e., mollusks), and a mix of micro- and macrofauna were measured in nonrestricted seas (e.g., Antarctica Peninsula, Boreal Sea, and Mid Polish Basin in the Tethys
Sea). Open-ocean microfauna have average δ18O values between -1‰ and 0‰, but we do
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not have microfauna data from the late Campanian to early Maastrichtian WIS. However,
planktonic and benthic foraminifera have been measured in the Cenomanian stage (~95 to
~93 Ma) WIS that showcase a depleted 18O WIS with a strong carbon pump (Fisher and
Arthur, 2002). Planktonic foraminifera had an average δ18O value of -6‰ while benthic
foraminifera had an average δ18O value of -4‰; planktonic foraminifera δ13C values were
enriched 2-3‰ compared to benthic foraminifera (Fisher and Arthur, 2002). The low
δ18O values of foraminifera reflect 18O depleted mixing water bodies and not high
temperatures. Thus, the WIS has a low δ18OSMOW values (-4.70‰ to -2.08‰) from 18O
depleted Boreal Sea and western runoff (Fisher and Arthur, 2002). Foraminifera need to
be measured in the WIS for their stable isotopic composition to have a direct comparison
to the open-ocean. If foraminifera could be measured in the late Campanian to early
Maastrichtian, they could be compared to planktonic and benthic WIS macrofauna and
could be used to estimate the oxygen isotope water composition of the WIS. Cephalopods
and bivalves could exhibit different δ18O and δ13C values due to differences in seasonally
growth, metabolic activity differences, or habitat disparities (Wright, 1987; Sessa et al.,
2015; Tobin and Ward, 2015; Immenhauser et al., 2016 and references within). Echinoids
and nannofossils likely experience vital effects (Ziveri et al., 2003; Grauel et al., 2013;
Davies and John, 2019). It is not common for researchers to measure the stable isotopic
composition of serpulids so not much is known if they have vital effects, but see Tobin
and Ward (2015) for fossil serpulid and Lojen et al. (2014) for modern serpulid stable
isotopic measurements and interpretations.
5.3.3 Habitat
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All GLM models tested the influence of general marine depth habitat (benthic,
nektobenthic, and nektonic) on the recovered stable isotope composition. Benthic
organisms should have higher δ18O and lower δ13C values than nektobenthic and nektonic
fauna. For δ18O, this is primarily due to the decreasing temperature gradient with depth.
For δ13C this is more related to the marine biological pump which moves 12C-rich carbon
to the deep ocean (Broecker, 1982a, 1982b; Shackleton et al., 1983; Hain et al., 2014;
Sharp, 2017). Among benthic faunas, infaunal organisms should have higher δ18O values
and lower δ13C values than epifaunal and nektobenthic taxa; epifaunal taxa may have
higher δ18O values and lower δ13C values than nektobenthic taxa, or their values may be
very similar (Broecker, 1982a, 1982b; Shackleton et al., 1983; Hain et al., 2014).
Whereas this study did find that infaunal taxa had the highest δ18O values,
epifaunal taxa were found to have lower δ18O values than nektobenthic taxa.
Unexpectedly, the lowest δ13C values were recorded in nektobenthic taxa, intermediate
δ13C values were observed in the infaunal and epifaunal taxa had the highest δ13C values
(Figure 8). This matches previous work (e.g., Wright, 1987; Landman et al., 2012).
Wright (1987) suggested that these differences were due to water body stratification in
the WIS: reduced salinity surface water, intermediate normal salinity, and warmer saltier
bottom water (see also He et al 2005). Alternatively, Landman et al. (2012) argued that
epifaunal taxa, particularly inoceramids, do not secrete their shells in oxygen and carbon
isotopic equilibrium with seawater.
Habitat type was statistically significantly related to δ13C PI, δ18O WP, and δ13C
WP models; it was not statistically significant in δ18O PI model. In the WP models, δ18O
values decreased and δ13C values increased, which is consistent with other studies. The

52

δ18O PI model most likely shows an insignificant relationship with habitat type because
epifaunal and infaunal data are grouped together as benthic fauna, which then overlap
with nektobenthic fauna (Figure 8). Nektonic cephalopods (i.e., Plancenticeras) living in
the upper water column which could explain their low δ18O values due to a possible
upper freshwater layer and their large range in δ18O values is due to their pelagic nature
of swimming in all habitat depths (Tsujita and Westermann, 1998). In the δ13C PI model,
δ13C values decrease from benthic to nektobenthic to pelagic, which is reversed from
what is expected (Broecker, 1982a, 1982b; Shackleton et al., 1983; Hain et al., 2014).
Previous work suggests that this could be due to the high δ13C values of inoceramids,
which were epifaunal benthic organisms, as has been inferred by Landman et al (2012).
This pattern may also reflect a WIS that was isotopically stratified: reduced salinity
surface water, intermediate normal salinity, and warmer saltier bottom water (Wright,
1987; He et al., 2005).
In the WP models, δ18O values decreased and δ13C values increased from benthic
to nektobenthic to pelagic, which is consistent with other studies (Huber et al., 1995;
O’Brien et al., 2017; Huber et al., 2018). When considered independently, epifaunal,
infaunal and nektobenthic taxa have lower δ18O values in the restricted epicontinental
seaway compared to non-restricted epicontinental seaways and open-ocean (Figure 14).
These data support the assertion that the stable isotope composition in the WIS was
unique from the coeval open-ocean and unrestricted epicontinental settings, however,
whether this difference is attributable to water stratification is not clear.
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Figure 14. Boxplot of δ18O values by oceanographic setting, higher taxa, and habitat. Almost every
taxon in the restricted WIS has lower δ18O values than non-restricted seaways. However, the epifaunal noninoceramids in the restricted WIS and non-restricted seaways have overlapping δ18O values, but the
epifaunal inoceramids’ δ18O values in the open-ocean are higher. Benthic forams and planktonic forams
and nannofossils have higher δ18O values in the open-ocean than the non-restricted seaways.

5.3.4 Paleolatitude
The final factor tested using GLM models to explain observed oxygen isotope
composition was paleolatitude. Paleotemperature latitudinal gradients have been
estimated using δ18O measurements (e.g., Huber et al. 1995). The presence and intensity
of latitudinal isotopic gradients are of interest particularly when coupled with oceanatmosphere general circulation models (GCMs) to reconstruct global climate conditions.
Late Cretaceous GCMs have consistently overestimated latitudinal temperature change
when compared to the oxygen isotope composition of fossil data; this has led to debate
regarding the presence and intensity of such a gradient in this Greenhouse climate (Huber
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et al., 1995; Zhou et al., 2008; Cramer et al., 2009, 2011; Friedrich et al., 2012; O’Brien
et al., 2017; Huber et al., 2018). Although the Campanian—Maastrichtian does not
represent the globally hottest period of the Late Cretaceous, the sea surface temperature
gradient has been predicted to be highest during this time (O’Brien et al., 2017 and
references within). This hypothesis is based on a compilation of small interbasinal
gradients determined by the δ18O of benthic foraminifera, which suggest that the opening
of the Equatorial Atlantic Gateway (EAG), connecting all major ocean basins,
contributed to this phenomenon (Cramer et al., 2009; Friedrich et al., 2012). Therefore, if
a latitudinal temperature gradient exists in the more equable Late Cretaceous, it should be
most easily observed in the Campanian—Maastrichtian stable isotope record (to the
degree that this record can be interpreted to reconstruct temperature).
Unfortunately, the data compiled here do not substantially contribute to this
discussion. The compilation tested here is the most complete dataset of global stable
isotope values from this time period; however, it is still plagued by data gaps. For
example, very few studies have measured stable isotope compositions in the latitudinal
bands between 0° and 40°S, as well as at higher latitudes than ~ 60° on both poles
(Appendix J).
Nevertheless, using all the data available, the presence of a latitudinal gradient
received mixed support from the statistical models: the WP model found a significant
relationship between paleolatitude and δ18O, while the PI model did not. Importantly, the
PI model is essentially comprised of WIS samples, which only represent ~ 40° latitudinal
band; this is likely too small of a latitudinal sample to discern the presence or absence of
a gradient, which explains the statistical insignificance. In the WIS, these results are
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contrary to Petersen et al. (2016), who identified a decreasing temperature gradient of
0.5° per 1° increase in latitude. Finally, it is difficult to accept the WP model of a global
latitudinal gradient of δ18O values given that the majority of the data in this test reflect
WIS samples, with its dominance of macrofauna and its wide range in δ18O values.
5.3.5 Diagenesis
Diagenetically altered specimens do not preserved primary oxygen and carbon
stable isotopic composition signatures (Brand and Veizer, 1981). Aragonite tends to alter
to calcite during diagenesis; thus, may works assume that if shells are preserved as
aragonite, they are less likely to be diagenetically altered and should maintain primary
oxygen and carbon isotopic compositions (Carpenter et al., 1988). To test if skeletal
aragonite specimens are diagenetically altered, researchers use different methods such as
X-ray diffraction of well-preserved aragonite (>95%) specimens (Tourtelot and Rye,
1969; Wright, 1987; He et al., 2005), elemental composition (Mg, Sr, Mn, and Fe)
analysis (Pirrie and Marshall, 1990a), and SEM PI (Cochran et al., 2010; Landman et al.,
2012; Dennis et al., 2013; Knoll et al., 2016; Walliser et al., 2019). For this study, SEM
PI was used to test for diagenesis with the hypothesis that a lower SEM PI would
correlate with lower δ18O and δ13C values.
SEM PIs were measured in 46 out of 73 samples. The largest percentage of
samples (37%) were poorly preserved (PI=1); however 63% of samples had a PI
indicating fair-to-exceptional preservation (PI=2 – 5). In this study, infaunal bivalves (8
out of 14) were more likely to be poorly preserved (PI=1) than epifaunal bivalves. In
previous work (e.g., Cochran et al., 2010; Landman et al., 2012; Dennis et al., 2013)
stable isotope compositions were only measured on bivalves of at least good preservation

56

(PI > 3.5), and fair-to-well-preserved (PI > 2) cephalopods (Figure 4 and Figure 5).
However, in the samples measured here, all SEM PI levels were retained for comparison.
Thus, the full compiled dataset (including this and previous work) showed that
cephalopods had higher δ18O and lower δ13C values compared to bivalves, while poorly
preserved (PI=1) cephalopods had similar δ18O and lower δ13C values (Figure 5).
Statistical modeling results indicate that δ18O and δ13C were significantly,
positively related to SEM PI. This is consistent with previous work suggesting that
meteoric diagenesis is more likely to shift δ18O values from higher to lower than δ13C
values due to the abundance of oxygen and lack of carbon in meteoric alteration fluids
(Brand and Veizer, 1981; Carpenter et al., 1988; Lohmann, 1988; Marshall, 1992)
As expected, the lowest δ18O values (less than -6.36‰) are all poorly preserved
(PI=1). However, interestingly these data show that not all poorly preserved bivalves
(PI=1) have very low δ18O values, and instead demonstrate a wide range of δ18O between
-13.98‰ to -0.90‰ (Figure 3). This suggests that diagenesis does not always reset δ18O
values and/or may only partially reset δ18O values (Knoll et al., 2016), which is also
supported by the intra-site comparison of measured SEM PIs (Figure 7, Appendix K).
Within a single locality, a difference in SEM PI between taxa was sometimes
observed that was also reflected in differing δ18O and δ13C values (Figure 7, Appendix
K). Generally, SEM PI measurements from the same locality might differ by up to + 1 PI
(i.e., specimens from a given locality may vary from PI=3 – 4, but not PI=3 – 5). Only a
single site, D4653, had an epifaunal inoceramid with excellent (PI=5) preservation and an
infaunal bivalve with fair (PI=2) preservation. Single localities could also show stable
isotope variation within the same SEM PI. For example, at AMNH 3274, among
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specimens with very good (PI=4) preservation, epifaunal non-inoceramids had the same
δ18O values as nektobenthic cephalopods, while epifaunal inoceramid had the lowest δ18O
values (Appendix K). The differences in SEM PI at the same locality could be due to the
complex diagenetic history of the WIS through time and across space, as well as
variability in the source of meteoric waters (Cochran et al., 2010; Knoll et al., 2016). This
suggests that at the same locality aragonite preservation can vary and diagenetic histories
can be different for each carbonate shell.
Differences in δ18O and δ13C values were also observed between taxa with the
same SEM PI in the samples measured here: that is, cephalopods tended towards higher
δ18O and lower δ13C values compared to bivalves with the same average SEM PI (Figure
5). At the Owl Creek Formation Type Locality in the Gulf Coastal Plain, all aragonitic
mollusks measured for oxygen and carbon isotopic composition measured at least good
(PI=3.5) preservation (Sessa et al., 2015). These data demonstrated that benthic
foraminifera have the same mean δ18O values as epifaunal oysters and Sphenodiscus
ammonites, while nektobenthic scaphites and baculites (ammonites) had higher δ18O
value compared to these groups (Sessa et al., 2015). This supports the conclusions drawn
in Sections 5.3.2 and 5.3.3, wherein bivalves and cephalopods clearly show differences in
δ18O values irrespective of diagenesis, which likely reflects differences in habitat
preference and potentially (in some cases) a vital effect. In conclusion, potential for
diagenetic alteration should probably be assessed on each shell sampled for stable isotope
analysis versus a single or few samples expected to be representative for a given site or
taxon.
5.3.6 Other Biases
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There are a few potential biases that may influence measured stable isotope
compositions that were not addressed in this study. First, there could be a sampling bias
given that the WIS has been systematically and thoroughly sampled for over 100 years,
compared to the rest of the world that is subject to only unique, regional sampling. More
work could be done on other epicontinental seaways to see if they match the stable
isotopic composition of shells in the WIS. Other restricted epicontinental seaways (such
as the Late Ordovician Mohawkian Sea from Panchuk et al. (2006)) would be more likely
to be a good comparison to the WIS, given the strong effect of oceanographic setting
observed here.
The influence of proximity to shoreline in the WIS is another factor that was not
considered here. This factor could be important given that the closer you are to the
western shore of the WIS, the more likely freshwater from river runoff and/or
groundwater which would lower the oxygen isotopic composition of the WIS due to low
δ18O values of meteoric water (Cochran et al., 2003; Fricke et al., 2010).
In previous work (e.g., Cochran et al., 2003; Petersen et al., 2016), proximity to
the shoreline has been quantified using inferred habitats (and their distance from shore)
of sampled geologic formations (e.g., freshwater: Hell Creek and Lance formations,
braskish/estuarine: Fox Hills Formation, near shore shallow WIS: Fox Hills and Lewis
Shale formations, offshore deep WIS: Pierre Shale and Lewis Shale formation, Gulf
Coastal Plains open-ocean: Prairie Bluff and Ripley formations; Atlantic Coastal Plains
open-ocean: Severn Formation). In these analyses Petersen et al. (2016) grouped together
the late Campanian to late Maastrichtian stages (~10 Myrs) while Cochran et al. (2003)
grouped time bins by ammonite biozones (~ 1 Myrs); here time bins for stable isotope
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measurement comprised ~ 2.5 Myrs. Either way, sea level cycles in the WIS have been
estimated to occur on timescales of hundreds of thousands to millions of years
(Kauffman, 1984). Therefore, it is not totally clear what a million-to-several million year
average of shoreline proximity means when compared to measured stable isotope
compositions. Larger time bins may also influence preservation potential and, clearly, the
amount of time averaging (Kidwell, 2005). At present, the most informative test would
group stable isotope data averaged by ammonite biozones (similar to Cochran et al.
2003), but even here interpretation of these data should be done with caution.
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A

Late Campanian

B

Early Maastrichtian

δ18O Values

> 0.01‰
- 1.99‰ to 0.00‰
- 2.00‰ to - 3.99‰
< - 4.00‰

Taxon
Planktonic Foram or
Nanofossil
Nektobenthic or Pelagic
Cephalopod
Benthic Bivalve
Benthic Foram
Other Benthic Taxa

Figure 15. Map of the average δ18O values of taxa in the WIS and the Gulf Atlantic Coast in the late
Campanian and early Maastrichtian. The WIS has lower δ18O values than the non-restricted Gulf
Atlantic Coast and North Atlantic open-ocean. The δ18O values in the WIS and Gulf Coast do not seem to
change through time. Based on the similar δ18O value between the late Campanian (A) and early
Maastrichtian (B), the WIS is still connected to the open-ocean. A proximity to shoreline graident in the
WIS was not observed in both sub-stages.
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Finally, preservation mode was not explicitly tested in this analysis. WIS fossils are
primarily found in concretions and/or associated with methane seep material. In contrast,
foraminifera are primarily recovered from cored ocean sediments. Unfortunately,
macrofossils are rare in cored ocean sediments and very few studies have studied WIS
foraminifera in late Campanian to early Maastrichtian (e.g., Campanian methane seeps;
Kauffman et al., 1996; Landman et al., 2019). Sessa et al. (2015) have measured the
stable isotopic compositions of benthic and planktonic foraminifera and mollusks in the
upper Maastrichtian Gulf Coastal Plain. Increasing stable isotope compositions of forams
from these time periods would substantially improve the comparability of these datasets.
6. Conclusions
1. After accounting for potential diagenetic alteration and vital effects, the restricted
WIS epicontinental seaway was found to have statistically distinguishable δ18O
values from the open-ocean and non-restricted epicontinental seaways. However,
the WIS does not appear to have an exceptionally low δ18O composition; this
suggests that the WIS remained connected to the open-ocean in the late
Campanian to early Maastrichtian. Additionally, no obvious latitudinal δ18O
gradient was observed in the late Campanian and early Maastrichtian WIS.
2. The δ18O values most likely reflect the oceanographic mixing of isotopically
distinct water bodies (e.g., Arctic Sea, Tethys Sea, river runoff, and/or
groundwater) in combination with changing evaporation regimes.
Paleotemperature estimates in the WIS based on the δ18O proxy are likely
confounded by these factors and therefore not a very faithful account of past
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climate conditions. However, δ18O values might provide a record of past
oceanographic conditions.
3. δ13C values are not statistically significant between the WIS, open-ocean and nonrestricted epicontinental seaways. One possibility is that the WIS and nonrestricted epicontinental seaways both have methane seeps, which showcase
overlapping δ13C values. Another possibility is that δ13C values are a global signal
and even though the WIS is a restricted epicontinental sea, it still has δ13C values
similar to the open-ocean and non-restricted epicontinental seas.
4. Although the range of δ18O and δ13C observed in samples with poor (PI=1)
preservation was larger, many poorly preserved shells (and those with
intermediate preservation, PI=2 to 4) demonstrated stable isotope compositions as
the same range as samples with excellent (PI=5) preservation. This suggests a
decoupling between the quality of shell preservation and degree of diagenetic
alteration.
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7. Appendix
Appendix A.
Sample Name
AMNH111868
AMNH111868.A
AMNH111869.1
AMNH111869.2
AMNH72722
AMNH82889.1
AMNH82889.2
AMNH82889.3
AMNH82889.4
CH1705B I1
D10A
D10B Cym
D1170
D119A Ino1
D119B Ino2
D11A
D11B Ostrea
D12412A Nymp
D12412B Ten
D12414
D1938
D212A Ino1
D212B Ino2
D212C Ostrea
D215
D2216
D223A
D223B
D223C
D223D
D223E
D22921A Ostrea
D22921B Ino
D2294
D2296 redo
D269
D284
D2913
D301
D3101
D3147 redo
D3148
D3378A Pteria
D3378B Ostrea
D3390A Ino
D3390B Pinna
D3390C Nucula
D3447
D3717
D3821
D3833
D4579
D4653A Ino
D4653B Cym
D476
D5129 redo
D5133A Ino1
D5133B Ino2
D5133C Ino3

General
Location
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS

County
Meade
Meade
Meade
Meade
Dawson
Dawson
Dawson
Dawson
Dawson
Pennington
Douglas
Douglas
Natrona
Jefferson
Jefferson
Douglas
Douglas
Larimer
Larimer
Larimer
Niobrara
Dawes
Dawes
Dawes
Dawes
Lewis and Clark
Dawes
Dawes
Dawes
Dawes
Dawes
Larimer
Larimer
Blaine
Blaine
Jefferson
Jefferson
Niobrara
Larimer
Blaine
Carbon
Carbon
Carbon
Carbon
Albany
Albany
Albany
Jefferson
Boulder
Blaine
Carbon
Carbon
Converse
Converse
Jefferson
Lincoln
Lincoln
Lincoln
Lincoln

State
SD
SD
SD
SD
MT
MT
MT
MT
MT
SD
CO
CO
WY
CO
CO
CO
CO
CO
CO
CO
WY
NE
NE
NE
NE
MT
NE
NE
NE
NE
NE
CO
CO
MT
MT
CO
CO
WY
CO
MT
WY
WY
WY
WY
WY
WY
WY
CO
CO
MT
WY
WY
WY
WY
CO
CO
CO
CO
CO

Modern
Latitude
44.24
44.24
44.24
44.24
46.91
46.91
46.91
46.91
46.91
43.75
39.44
39.44
42.65
39.52
39.52
39.44
39.44
40.89
40.89
40.89
43.27
42.95
42.95
42.95
42.89
47.14
43.00
43.00
43.00
43.00
43.00
40.73
40.73
48.03
48.03
39.52
39.52
43.26
40.51
47.96
41.72
41.72
41.96
41.96
41.72
41.72
41.72
39.82
40.03
48.05
41.59
42.05
42.85
42.85
39.86
39.13
39.12
39.12
39.12
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Modern
Longitude
-102.41
-102.41
-102.41
-102.41
-104.68
-104.68
-104.68
-104.68
-104.68
-102.66
-105.05
-105.05
-106.66
-105.09
-105.09
-105.05
-105.05
-105.06
-105.06
-105.06
-104.26
-102.99
-102.99
-102.99
-102.98
-112.02
-102.93
-102.93
-102.93
-102.93
-102.93
-105.04
-105.04
-109.09
-109.08
-105.09
-105.10
-104.27
-105.08
-109.52
-106.12
-106.12
-106.34
-106.34
-105.91
-105.91
-105.91
-105.23
-105.20
-109.26
-106.16
-107.44
-105.90
-105.90
-105.24
-103.41
-103.27
-103.27
-103.27

Error
(m)
1000
1000
1000
1000
497
497
497
497
497
1000
255
255
260
146
146
255
255
123
123
131
154
345
345
345
353
1675
378
378
378
378
378
540
540
334
129
100
130
250
202
193
150
420
240
240
162
162
162
412
213
291
140
208
133
133
106
170
242
242
242

Georeference
Software
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint

Collection
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
AMNH
UNM
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Mesozoic
USGS Mesozoic
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban

D78
D788A Ino
D788B Cymb
D8016A Ino T 1
D8016B Ino Sub 2
D8016C Nymph
D847
D853 redo
D854
D858
D946A Ino
D946B Ostrea
D9568
UCM14774
USGS15757

WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS
WIS

Jefferson
Douglas
Douglas
Routt
Routt
Routt
Carter
Carter
Carter
Crook
Glacier
Glacier
Laramie
Niobrara
El Paso

Appendix A Table Continued
CO
39.82
-105.22
CO
39.44
-105.05
CO
39.44
-105.05
CO
40.94
-107.20
CO
40.94
-107.20
CO
40.94
-107.20
MT
45.11
-104.88
MT
45.10
-104.91
MT
45.10
-104.92
WY
44.79
-105.05
MT
48.46
-113.21
MT
48.46
-113.21
WY
41.41
-105.19
WY
42.19
-105.86
CO
38.66
-104.81

91
174
174
229
229
229
545
536
620
527
130
130
616
8258
160

EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint
EarthPoint

USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
USGS Cobban
UC Boulder
USGS Mesozoic

Appendix A. Excel spreadsheet of this study and other studies’ detailed locality information. In
alphabetic order, these studies are: Almogi-Labin and Bein (1993); Barrera et al. (1987); Bojanowski et al.
(2017); Cochran et al. (2010); Cramer et al. (2009); Dennis et al. (2013); Ditchfield et al. (1994); Douglas
and Savin (1975); Dutton et al. (2007); Forester et al. (1977); Friedrich et al. (2005); Gómez-Alday et al.
(2004); He et al. (2005); Landman et al. (2012, 2015, 2017); Li and Keller (1998, 1999); Meyer et al.
(2018); O’Brien et al. (2017); Petersen et al. (2016); Pirrie and Marshall (1990); Saltzman and Barron
(1982); Steuber et al. (2005); Tobin and Ward (2015); Tourtelot and Rye (1969); Tsujita (1995); Witts et al.
(2018); Wright (1986). Locality information will only be provided by request.
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Appendix B.
Sample Name

δ13C

δ18O

Higher
Taxon

Habitat

Geological
Stage

AMNH111868

0.95

-5.61

Bivalve

Benthic

Upper
Campanian

AMNH111868.A

-1.21

-6.47

Bivalve

Benthic

Upper
Campanian

AMNH111869.1

-2.07

-2.84

Bivalve

Benthic

Upper
Campanian

AMNH111869.2

-1.45

-3.95

Bivalve

Benthic

Upper
Campanian

AMNH72722

2.96

-3.14

Bivalve

Benthic

Lower
Maastrichtian

AMNH82889.1

2.06

-3.40

Bivalve

Benthic

Lower
Maastrichtian

AMNH82889.2

0.67

-0.02

Bivalve

Benthic

Lower
Maastrichtian

AMNH82889.3

3.88

-2.01

Bivalve

Benthic

Lower
Maastrichtian

AMNH82889.4

3.55

-1.77

Bivalve

Benthic

Lower
Maastrichtian

CH1705B I1

3.06

-3.08

Bivalve

Benthic

Upper
Campanian

D10A

-1.08

-0.17

Bivalve

Benthic

Lower
Maastrichtian

D10B Cym

-0.53

-0.04

Bivalve

Benthic

Lower
Maastrichtian

D1170

5.72

-4.20

Bivalve

Benthic

Upper
Campanian

D119A Ino1

-11.62

-4.89

Bivalve

Benthic

Upper
Campanian

D119B Ino2

-0.27

-5.07

Bivalve

Benthic

Upper
Campanian

D11A

-1.16

-4.85

Bivalve

Benthic

Lower
Maastrichtian

D11B Ostrea

2.60

-2.67

Bivalve

Benthic

Lower
Maastrichtian

D12412A Nymp

-1.83

-1.09

Bivalve

Benthic

Lower
Maastrichtian

D12412B Ten

3.46

-4.97

Bivalve

Benthic

Lower
Maastrichtian

D12414

0.56

-6.52

Bivalve

Benthic

Lower
Maastrichtian

D1938

1.74

-5.16

Bivalve

Benthic

Upper
Campanian

D212A Ino1

-1.11

-5.26

Bivalve

Benthic

Upper
Campanian

D212B Ino2

-4.46

-6.02

Bivalve

Benthic

Upper
Campanian

D212C Ostrea

-1.90

-5.43

Bivalve

Benthic

Upper
Campanian
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Oceanographic
Setting
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway

Paleolatitude

Mineralogy

SEM
PI

48.7

Aragonite

NA

48.7

Aragonite

NA

48.7

Aragonite

2.0

48.7

Aragonite

NA

52.0

Aragonite

NA

52.0

Aragonite

3.0

52.0

Aragonite

3.0

52.0

Aragonite

2.0

52.0

Aragonite

3.0

48.3

Aragonite

3.5

45.1

Aragonite

2.0

45.1

Aragonite

2.0

48.5

Aragonite

NA

45.0

Aragonite

NA

45.0

Aragonite

NA

45.1

Aragonite

1.0

45.1

Calcite

NA

46.5

Aragonite

1.0

46.5

Aragonite

2.0

46.5

Aragonite

1.0

48.3

Aragonite

NA

47.7

Aragonite

2.0

47.7

Aragonite

3.0

47.7

Calcite

NA

Appendix B Table Continued
D215

-3.02

-2.56

Bivalve

Benthic

Upper
Campanian

D2216

1.97

-10.62

Bivalve

Benthic

Upper
Campanian

D223A

-4.37

-3.02

Bivalve

Benthic

Upper
Campanian

D223B

2.44

-2.20

Bivalve

Benthic

Upper
Campanian

D223C

4.09

-4.60

Bivalve

Benthic

Upper
Campanian

D223D

2.62

-4.70

Bivalve

Benthic

Upper
Campanian

D223E

-2.65

-6.27

Bivalve

Benthic

Upper
Campanian

D22921A Ostrea

1.27

-6.14

Bivalve

Benthic

Upper
Campanian

D22921B Ino

0.61

-6.36

Bivalve

Benthic

Upper
Campanian

D2294

2.16

-3.00

Bivalve

Benthic

Upper
Campanian

D2296 redo

2.21

-4.06

Bivalve

Benthic

Upper
Campanian

D269

3.27

-3.55

Bivalve

Benthic

Upper
Campanian

D284

5.41

-3.84

Bivalve

Benthic

Upper
Campanian

D2913

1.00

-4.01

Bivalve

Benthic

Upper
Campanian

D301

1.18

-2.94

Bivalve

Benthic

Upper
Campanian

D3101

-0.79

-7.21

Bivalve

Benthic

Upper
Campanian

D3147 redo

2.95

-3.57

Bivalve

Benthic

Upper
Campanian

D3148

-2.77

-13.98

Bivalve

Benthic

Upper
Campanian

D3378A Pteria

1.59

-4.50

Bivalve

Benthic

Upper
Campanian

D3378B Ostrea

-1.72

-4.34

Bivalve

Benthic

Upper
Campanian

D3390A Ino

5.00

-5.94

Bivalve

Benthic

Upper
Campanian

D3390B Pinna

2.01

-3.99

Bivalve

Benthic

Upper
Campanian

D3390C Nucula

1.55

-3.11

Bivalve

Benthic

Upper
Campanian

D3447

3.90

-4.98

Bivalve

Benthic

Lower
Maastrichtian

D3717

2.96

-3.92

Bivalve

Benthic

Lower
Maastrichtian

D3821

-3.09

-6.61

Gastropod

Benthic

Upper
Campanian
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Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental

47.6

Aragonite

2.0

54.0

Calcite

NA

47.7

Aragonite

1.0

47.7

Calcite

NA

47.7

Aragonite

2.0

47.7

Aragonite

1.0

47.7

Aragonite

1.0

46.2

Calcite

NA

46.2

Aragonite

2.0

54.0

Aragonite

3.0

54.0

Aragonite

2.0

45.1

Aragonite

NA

45.0

Aragonite

NA

48.3

Aragonite

NA

46.0

Calcite

NA

54.1

Calcite

NA

47.6

Aragonite

2.0

47.6

Aragonite

1.0

47.6

Aragonite

1.0

47.6

Calcite

NA

47.3

Aragonite

NA

47.3

Aragonite

3.5

47.3

Aragonite

3.5

45.6

Aragonite

2.0

45.7

Aragonite

NA

54.1

Aragonite

1.0

Appendix B Table Continued
D3833

1.51

-3.74

Bivalve

Benthic

Upper
Campanian

D4579

1.05

-6.68

Bivalve

Benthic

Upper
Campanian

D4653A Ino

3.90

-4.42

Bivalve

Benthic

Lower
Maastrichtian

D4653B Cym

-0.77

-1.91

Bivalve

Benthic

Lower
Maastrichtian

D476

4.68

-3.84

Bivalve

Benthic

Upper
Campanian

D5129 redo

4.67

-2.93

Bivalve

Benthic

Lower
Maastrichtian

D5133A Ino1

5.84

-4.02

Bivalve

Benthic

Lower
Maastrichtian

D5133B Ino2

4.59

-4.27

Bivalve

Benthic

Lower
Maastrichtian

D5133C Ino3

4.46

-4.40

Bivalve

Benthic

Lower
Maastrichtian

D78

3.36

-4.69

Bivalve

Benthic

Lower
Maastrichtian

D788A Ino

4.51

-2.51

Bivalve

Benthic

Lower
Maastrichtian

D788B Cymb

-0.98

-0.90

Bivalve

Benthic

Lower
Maastrichtian

D8016A Ino T 1

1.41

-5.60

Bivalve

Benthic

Lower
Maastrichtian

D8016B Ino Sub 2

0.15

-5.85

Bivalve

Benthic

Lower
Maastrichtian

D8016C Nymph

-9.15

-8.16

Bivalve

Benthic

Lower
Maastrichtian

D847

-1.43

-3.51

Bivalve

Benthic

Upper
Campanian

D853 redo

2.41

-3.79

Bivalve

Benthic

Upper
Campanian

D854

-8.06

-2.80

Bivalve

Benthic

Upper
Campanian

D858

-0.11

-3.19

Bivalve

Benthic

Upper
Campanian

D946A Ino

-0.67

-3.42

Bivalve

Benthic

Upper
Campanian

D946B Ostrea

-16.41

-3.65

Bivalve

Benthic

Upper
Campanian

D9568

-2.17

-6.09

Bivalve

Benthic

Upper
Campanian

UCM14774

0.26

-2.78

Bivalve

Benthic

Lower
Maastrichtian

USGS15757

3.60

-4.12

Bivalve

Benthic

Upper
Campanian

Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway
Restricted
epicontinental
seaway

47.6

Calcite

NA

47.6

Calcite

NA

48.6

Aragonite

5.0

48.6

Aragonite

2.0

45.4

Aragonite

NA

44.4

Aragonite

1.0

44.4

Aragonite

NA

44.4

Aragonite

2.0

44.4

Aragonite

3.0

45.6

Aragonite

1.0

45.1

Aragonite

4.0

45.1

Aragonite

1.0

46.6

Aragonite

1.0

46.6

Aragonite

1.0

46.6

Aragonite

1.0

50.2

Aragonite

NA

50.2

Aragonite

NA

50.2

Aragonite

3.0

49.9

Aragonite

2.0

55.5

Aragonite

1.0

55.5

Calcite

NA

46.8

Aragonite

3.0

47.9

Calcite

1.0

44.2

Aragonite

2.5

Appendix B. Excel spreadsheet of data for multiple linear regression analyses. Mineralogy, higher
taxa, general habitat, geological stage, oceanographic setting, average paleolatitude, and average SEM PI
are listed for each sample. Multiple linear regression data will only be provided by request.
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Appendix C.
Coefficient
Mineralogy

Variables
Aragonite
Calcite

Bivalve

Cephalopod

Echinoid
Higher Taxon
Foraminifera

Gastropod
Nannofossil
Scaphopod
Serpulidae
Benthic
General
Habitat

Nektobenthic
Pelagic

Geological
Stage

Upper
Campanian
Lower
Maastrichtian

Note
Pearly luster and tablet microstructure
Non pearly luster and fused tablet microstructure
Taxonomic genera include: Agerostrea, Anomia, Cucullaea,
Cymbophora, Dictyoptychus, Dosiniopsis, Endocostea, Exogyra,
Geltena, Inoceramus, Lahillia, Leionucula, Lucina, Nordenskjoldia,
Nucula, Nympholucina, Oistotrigonia, Ostrea, Panopea,
Pholadomya, Pinna, Plagioptychus, Pteria, Pycnodonte,
Tenuipteria, Trigonia, Vaccinites, and unidentified bivalves.
Taxonomic genera include: Acanthoscaphites, Baculites, Belemnella,
Belemnitella, Didymoceras, Dimitobelus, Diplomoceras,
Discoscaphites, Eutrephoceras, Exiteloceras, Gunnarites,
Hoploscaphites, Maorites, Placenticeras, Scaphites,
Spiroxybeloceras and unidentified cephalopods.
Tobin and Ward (2015) measured echinoid spines but did not
identify them to the taxonomic genus level.
Includes benthic and pelagic foraminifera. Benthic foraminifera
include: Alabamina, Anomalinoides, Aragonia, Cibicides,
Cibicidoides, Coryphostoma, Dentalina, Gavelinella, Gyroidinoides,
Lenticulina, Nodosaria, Nuttallides, Osangularia, Stensioeina, and
unidentified benthic foraminifera. Pelagic foraminifera include:
Abathomphalus, Archaeoglobigerina, Contusotruncana,
Globigerinelloides, Globotruncana, Gublerina, Hedbergella,
Heterohelix, Pseudotextularia, Radotruncana, and Rugoglobigerina.
Taxonomic genera include: Anisomyon, Drepanochilus, and
unidentified gastropods.
Douglas and Savin (1975) measured nannofossils, but did not
identify them to the genus taxonomic level.
Wright (1986) measured scaphopods or tusk shells, but did not
identify them to the genus taxonomic level.
Taxonomic genera include: Rotularia.
Includes bivalve, echinoid, benthic foraminifera, gastropod,
scaphopod and serpulidae higher taxon.
Includes cephalopod higher taxon except Placenticeras.
Includes Placenticeras from cephalopod higher taxon and planktonic
foraminifera and nannofossil higher taxon.
75.2 Ma to 72.1 Ma
72.1 Ma to 69.0 Ma
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Appendix C Table Continued
Non-restricted
epicontinental
seaway

Oceanographic
Setting

Open-ocean

Restricted
epicontinental
seaway

Antarctic Peninsula, Atlantic Coastal Plain, Basque Cantabrian
Basin, Boreal Sea, Gulf Coastal Plain, Mid Polish Basin, and Tethys
Sea.
Central Exmouth Plateau of northwestern Australian margin (ODP
Site 762C), East Antarctica (ODP Site 689 and 690C), Equatorial
Pacific Western Mid Pacific Mountains (DSDP Site 463), Falkland
Plateau Basin (DSDP Site 327A and DSDP Site 511), Indian Ocean
(DSDP Site 249), Magellan Rise (DSDP Site 167), Maud Rise
Southern Ocean (ODP Site 690), North Atlantic (DSDP Site 384,
DSDP Site 390, ODP Site 1049), Pacific (DSDP Site 305, DSDP
Site 463, DSDP Site 465, DSDP Site 47.2, ODP Site 1209, ODP Site
1210, ODP Site 1212), Shatsky Rise (DSDP Site 305), South
Atlantic (DSDP Site 355, DSDP Site 357), Southern Ocean (ODP
Site 750), Walvis Ridge (DSDP Site 525A), and Tethys Sea (Shefela
Hartuv Basin and Zora Basin).
Western Interior Seaway (WIS)

By using the present-day latitude and longitude, the average
paleolatitude was calculated using A Paleolatitude Calculator for
Average
-72.5° to
Paleoclimate Studies (van Hinsbergen et al., 2015). The average
Paleolatitude
56.7°
paleolatitude of 74 Ma was used for the late Campanian and 70 Ma
for the early Maastrichtian with the paleomagnetic reference frame
from Torsvik et al. (2012).
5
Excellent
4
Very Good
Average SEM
PI
3
Good
(Diagenesis)
2
Fair
1
Poor
Appendix C. Factors for all multiple linear regression models. These following variables (mineralogy,
higher taxon, general habitat, geological stage, oceanographic setting, average paleolatitude, and
diagenesis) could possibly influence the δ18O and δ13C values. Calcite versus aragonite mineralogy was
determined by hand sample, SEM images, and identification in literature sources. Higher taxonomy was
classified using Fossilsworks (Behrensmeyer and Turner, 2013; www.fossilworks.org) and reference to
published literature. Benthic foraminifera, bivalves, gastropods, and echinoids were given a generalized
habitat classification as benthic. Generalized habitat for cephalopods were classified as nektobenthic
(Tsujita and Westermann, 1998; Moriya et al., 2003; Lukeneder et al., 2010; Sessa et al., 2015) except the
ammonite, Placenticeras (which is most-likely pelagic; see Tsujita and Westermann (1998)). Planktonic
foraminifera and Placenticeras were classified as pelagic. Geologic stage was determined by
biostratigraphy or numerical ages associated with sample metadata. Tectonic setting and degree of
connectivity to the open-ocean characterized oceanographic setting. For example, samples from the WIS
were categorized as restricted epicontinental seaway, since these localities represent a flooded continental
setting with limited connection to the open-ocean (Kauffman, 1984) versus the flooded continental settings
found in the Antarctica Peninsula that are directly connected to the open-ocean (Hathway, 2000). All
samples collected from deep-sea cores (e.g., DSDP, ODP) were classified as open-ocean. Paleolatitude was
assigned using a paleolatitude calculator for paleoclimate studies (van Hinsbergen et al., 2015). The
average paleolatitude of 74 Ma was used for the late Campanian and 70 Ma for the early Maastrichtian with
the paleomagnetic reference frame from Torsvik et al. (2012). The PI analysis included SEM PI as a
variable influencing δ18O and δ13C compositions. Average SEM PI ranged from poor (PI=1) to excellent
(PI=5). All models were tested for higher taxon, general habitat, and oceanographic setting. δ18O PI and
δ18O WP models test for geological stage and average paleolatitude. For the PI models non-restricted
epicontinental seaway and restricted epicontinental seaway, bivalve, cephalopod, and gastropod were the
only variables tested in oceanographic setting and higher taxon because the SEM PI analysis has been only
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applied to the WIS, Gulf Coastal Plain, and Atlantic Coastal Plain and to those selected taxa. The WP
analysis also included mineralogy as a variable influencing δ18O and δ13C compositions.

71

Appendix D.

Appendix D. Scatterplot of this study’s bivalve taxa at same localities by δ13C values. Sites young to
the right and are arranged by ammonite biozones. Sites D3390 to D946 are in the upper Campanian and
sites D5133 to D12412 are in the early Maastrichtian. At most localities, epifaunal inoceramids have the
highest δ13C values compared to epifaunal non-inoceramids and infaunal bivalves. Only at locality D22921,
the epifaunal non-inoceramid has a higher δ13C value than the epifaunal inoceramid. D119 is ~400km
southwest from D223 and they are from the same biozone, B. compressus. Epifaunal inoceramids from
D223 have higher δ13C values than epifaunal inoceramids from D119. Sites D5133, D8016, D4653, and
AMNH82889 are from B. baculus biozone and span ~900 km from south to north. All epifaunal
inoceramids from these sites have overlapping δ13C values. D10 is ~160km south from D12412 and they
are from the same biozone, B. clinolobatus. D12412 infaunal bivalves have lower δ13C values than D10
infaunal bivalves.
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Appendix E.

Appendix E. Boxplot of all well-preserved taxa δ13C values by upper Campanian to lower
Maastrichtian ammonite biozones in the WIS. D. nebrascense to B. eliasi are late Campanian WIS
ammonite taxon range zones and B. baculus to B. clinlobatus are early Maastrichtian. δ13C values do not
vary between biozones.
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Appendix F.

Appendix F. Boxplot of δ13C values of different well-preserved taxa of selected ammonite biozones in
WIS. δ13C values do not change in these selected biozones. All epifaunal bivalves have the highest δ13C
values. Nektonic cephalopods have the lowest δ13C values. Infaunal bivalves and nektobenthic cephalopods
have intermediate δ13C values.
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Appendix G.

Appendix Ga. Correlation matrix of δ18O PI variables. There was no collinearity determined between
most variables except general habitat and higher taxon.

Appendix Gb. Correlation matrix of δ13C PI variables. There was no collinearity determined between
most variables except general habitat and higher taxon.
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Appendix Gc. Correlation matrix of δ18O WP variables. There was no collinearity determined between
most variables except mineralogy and higher taxon and mineralogy and oceanographic setting.

Appendix Gd. Correlation matrix of δ13C WP variables. There was no collinearity determined between
most variables except mineralogy and higher taxon.
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Appendix H.

δ18O PI

Variables
Estimate
Standard Error
p-value
Intercept
-7.13649
3.22743
0.028621
Higher Taxon: Cephalopod
2.15392
0.86667
0.014105
Higher Taxon: Gastropod
0.65719
1.24973
0.599804
General Habitat
-1.10431
0.72908
0.132079
Geological Stage
1.17254
0.34471
0.000871
Geographic Setting: Restricted
epicontinental seaway
-3.16846
1.99934
0.115247
Average Paleolatitude
0.08398
0.07615
0.271998
SEM PI
0.81231
0.13884
3.23*10-08
Overall model p-value: 2.70*10-12
Adjusted R-squared: 0.348
Bold values show p-values < 0.05
Table Ha. Multiple linear regression results from the δ18O PI model. Higher taxon cephalopod,
geological stage, and SEM PI have p-values < 0.05. The overall model has a p-value of 2.70*10-12 and an
adjusted r-squared value of 0.348.

δ13C PI
Variables
Intercept
Higher Taxon: Cephalopod
Higher Taxon: Gastropod
General Habitat
Geographic Setting: Restricted
epicontinental seaway
SEM PI

Estimate
3.4611
0.0828
-2.8765
-3.1524

Standard Error
3.6079
1.596
2.2885
1.3582

p-values
0.339
0.9587
0.2108
0.0217

-1.356
3.2178
0.6741
0.5975
0.2464
0.0165
Overall model: 1.23*10-6
Adjusted R-squared: 0.189
Bold values show p-values < 0.05
Table Hb. Multiple linear regression results from the δ13C PI model. General habitat and SEM PI have
p-values < 0.05. However, these variables are not statistically significant since their values are so close to
0.05. The overall model has a p-value 1.23*10-6 and an adjusted r-squared value of 0.189.
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δ18O WP
Variables

Estimate

Standard Error

p-value

Intercept

-0.940334

0.1567844

2.43*10-10

Higher Taxon: Cephalopod
Higher Taxon: Echinoid
Higher Taxon: Foraminifera
Higher Taxon: Gastropod
Higher Taxon: Nannofossil
Higher Taxon: Scaphopod
Higher Taxon: Serpulidae
General Habitat
Geological Stage
Geographic Setting: Open-ocean
Geographic Setting: Restricted
epicontinental seaway
Average Paleolatitude
Mineralogy

2.0996904
2.3434352
1.6629483
1.5718772
2.4129679
3.5526181
1.3624352
-0.6360822
0.2965706
0.3214129
-1.4528324

0.0912304
0.6321976
0.1139386
0.2963413
0.4197762
0.8895036
0.4052554
0.0276902
0.0465458
0.0886962
0.1270527

< 2.00*10-16
2.16*10-4
< 2.00*10-16
1.28*10-7
1.06*10-8
6.77*10-5
7.91*10-4
< 2.00*10-16
2.39*10-10
2.29*10-4
< 2.00*10-16

-0.0083463
0.0006446
< 2.00*10-16
-0.6534957
0.1286689
4.21*10-7
Overall model: < 2.00*10-16
Adjusted R-squared value: 0.5813
Bold values show p-values < 0.05
Table Hc. Multiple linear regression results from the δ18O WP model. All variables have p-values <
0.05. The overall model has a p-value 2.2*10-16 and an adjusted r-squared value of 0.5813.

δ13C WP
Variables
Intercept
Higher Taxon: Cephalopod
Higher Taxon: Echinoid
Higher Taxon: Foraminifera
Higher Taxon: Gastropod
Higher Taxon: Nannofossil
Higher Taxon: Scaphopod
Higher Taxon: Serpulidae
General Habitat
Geographic Setting: Open-ocean
Geographic Setting: Restricted
epicontinental seaway
Mineralogy

Estimate
-0.14115
-3.22444
11.26513
-0.8805
0.38848
0.032
0.13941
-0.72687
0.5404
0.16634
0.30135

Standard Error
0.23654
0.19431
1.27343
0.29396
0.59663
0.85862
1.78747
0.81875
0.07089
0.23792
0.2079

p-value
0.5508
< 2.00*10-16
< 2.00*10-16
2.08*10-3
0.5151
0.9703
0.9378
0.3748
4.98*10-14
0.4846
0.1475

1.32562
0.26131
4.53*10-7
Overall model: <2.00*10-16
Adjusted R-squared value: 0.4087
Bold values show p-values < 0.05
Table Hd. Multiple linear regression results from the δ13C WP model. Cephalopod, echinoid,
foraminifera, general habitat, and mineralogy have p-values < 0.05. The overall model has a p-value
2.2*10-16 and an adjusted r-squared value of 0.4087.
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Appendix I.

Appendix I. Scatterplot of new WIS δ18O and δ13C values by genus. Inoceramus and Endocostea
(inoceramids) make up the majority of samples and are in range with other epifaunal genera (Anisomyon,
Ostrea, Pteria, and Tenuipteria).
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Appendix J.

Appendix J. Scatterplot of δ18O values by average paleolatitude in the upper Campanian and lower
Maastrichtian world. The upper Campanian (A) has higher δ18O values than the lower Maastrichtian (B).
It is difficult to discern a δ18O latitudinal gradient.
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Appendix K.

Appendix K. Scatterplot of mollusks at the same locality by SEM PI. Only poor (PI=1) and very good
(PI=4) preservation have different specimens. Planktonic cephalopods have lower δ18O values than
nektobenthic cephalopods at the same locality with poor (PI=1) preservation. Epifaunal inoceramids have
lower δ18O values than nektobenthic cephalopods and other epifaunal bivalves at the same locality with
very good (PI=4) preservation. There can be a range in preservation at the same locality since nektobenthic
cephalopods range from poor (PI=1) to excellent (PI=5) preservation at the same site.
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